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Abstract

Fault tree analysis is a method that describes all possible causes of a specified system state
in terms of the state of the components within the system. Fault trees are commonly
developed to analyse the adequacy of systems, from a reliability or safety point of view
during the stages of design. The aim of the research presented in this thesis was to develop
a method for diagnosing faults in systems using a model-based fault tree analysis approach,

taking into consideration the potential for use on aircraft systems.

Initial investigations have been conducted by developing four schemes that use coherent and
non-coherent fault trees, the concepts of which are illustrated by applying the techniques to
a simple system. These were used to consider aspects of system performance for each scheme
at specified points in time. The results obtained were analysed and a critical appraisal of

the findings carried out to determine the individual effectiveness of each scheme.

A number of issues were highlighted from the first part of research, including the need to
consider dynamics of the system to improve the method. The most effective scheme from
the initial investigations was extended to take into account system dynamics through the
development of a pattern recognition technique. Transient effects, including time history

of flows and rate of change of fluid level were considered.

The established method was then applied to a theoretical version of the BAE Systems fuel
rig to investigate how the method could be utilised on a larger system. The fault detection
was adapted to work with an increased number of fuel tanks and other components adding
to the system complexity. The implications of expanding the method to larger systems
such as a full aircraft fuel system were identified for the Nimrod MRAA4.
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Chapter 1

Introduction

1.1 Fault Detection System Background

Advances in technology have brought about increased system complexity, therefore making
fault detection, diagnosis and rectification a more difficult task to perform. Any type of
system, however well it is maintained, will at some point encounter component failures
during the course of its life cycle. This can cause a change in system function, a reduction
in system performance or worse still result in downtime from operation. A number of
components could fail simultaneously changing the symptoms exhibited by the faults
individually, which may further increase the time taken to obtain a successful diagnosis.

Some faults may never be discovered until certain parts of the system are used.

In the event of a failure, to lessen the impact on a system it is important that it is detected
and the cause is diagnosed as soon as possible. Once a diagnosis has been made the problem
can be rectified either by repairing or replacing the component, therefore returning the
system to normal operation. Fast detection, diagnosis, and rectification in aircraft systems
reduces the time taken for planes to be returned to service. In the case of autonomous
robotic vehicles, detection and diagnosis of faults can aid the completion of successful
misstons. In chemical process plants the need to detect and diagnose causes of a safety
critical failure in a system can be vital and an answer may be required within minutes, as
a failure could result in an explosion, threatening the lives of workers and people living in

the surrounding area.

A fault can be defined as [1]:
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A fault is the identification of a non-permitted deviation of a characteristic property which
leads to the inability to fulfill the intended purpose.

Some faults may occur slowly over time due to wear on the components, or they may
become apparent when the particular area of the system it is located in gets used. Other
failures could cause significant changes in system operation, for example a blockage in a
pipe. There may also be failures that occur intermittently within the system depending on
certain conditions or patterns, which leads to a recurring failure. Any failure may cause
serious damage if no action is taken, whether this be rectification or reconfiguration of the
system so that that part is shut down. Once a deviation from normal operation is found
a diagnosis can be performed to ascertain the cause of failure. This is the fault detection

process.

The process of diagnosing faults in a system has in the past been conducted by building up
a knowledge base of faults through documenting failures and the methods carried out to
repair them. The information was then available for use in the diagnosis of future failures.
This is known as case-based reasoning. Today, a growing number of diagnostic systems are
computer-based so history is documented in a computer database, making them quicker,

easier and more efficient to use.

Price [2] considers a number of important factors when measuring the effectiveness of
a diagnostic system. These include efficient construction, reasonable maintainability,
adequate coverage, accuracy, minimum effort from the user, appropriate response time
and good cost/benefit ratio. The importance of each of these factors will be dependent
upon the system that is being diagnosed.

Efficient Construction

A diagnostic system needs to be efficient, used at the lowest possible cost and in the shortest
possible time frame in order to be effective in obtaining a diagnosis. The importance of

these factors will depend on the type of system being diagnosed and requirements specified.

Reasonable Maintainability

Any diagnostic system has to be maintained in order to ensure it provides an efficient level
of fault detection. The equipment being diagnosed may also change over time, therefore
ideally a diagnostic system should be easy to update with any changes that could potentially
affect diagnosis.
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Adequate Coverage

A diagnostic system should be able to detect a large proportion of the failures that can
occur. However, the coverage of all faults may be a difficult process. For instance, a
fault may occur in a part of a system that seldom gets used and would therefore remain

undetected until required. The cost of development may also limit a full detection process.

Accuracy

Ideally a fault diagnostic system should be able to diagnose any possible failure correctly.
In reality there may be numerous candidates for the cause of failure and in some cases the

correct cause may not be present.

Minimum Effort from the User

A diagnostic system should only request information relevant to obtaining a correct
diagnosis. A complex diagnostic system could require training to use adding to the cost

and time investment, resulting in only a select number of workers knowing how to use it.

Appropriate Response Time

The time taken for a diagnostic system to perform a diagnosis will be dependent upon
the system for which the diagnosis is being performed. Some systems such as chemical
processing plants require a diagnosis within seconds of a fault becoming detected. For
other systems the detection time is not as critical, but the faster a diagnosis is obtained

the earlier work can begin to fix the problem and return the system to normal operation.

Good Cost/Benefit Ratio for Diagnosis

A cost/benefit ratio can be used to determine whether building a diagnostic system would
be financially beneficial to a company. Costs incurred would be for running the tool,
maintaining it and for its distribution. An efficient system would reduce the time taken
to obtain a diagnosis, therefore increasing system availability and reducing downtime from
normal operation. Some tools can continuously monitor a system for failures. These can

detect failures as and when they occur, therefore enabling a faster diagnosis. The increased
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cost of monitoring continuously would have to be compared with the benefit of knowing

the cause of failure quicker.

In the majority of cases fault detection systems are built after the development of the system
they are designed for. In order to provide a more effective diagnostic strategy the design
of a new system could take into consideration both ‘design for diagnosability’ (DFD) and
‘design for testability’ (DFT). Diagnosability is a measure of the ease of isolating faults in
a system [3,4]. DFD investigates each decision made throughout the process of the design
stage of a system to see the effect it has on the system’s diagnosability. DFT is a similar
measure to DFD but focuses on how accessible a system is to test and maintain, which leads
to the diagnosability of the system. DFT is also applied at each stage of the design phase,
considering how maintainable a device is and if, or how, the testability can be improved.
The drawback of both DFD and DFT are that they produce extra work during the design
phase and may lengthen the time taken and increase the manufacturing costs [2). These

disadvantages can be justified by greater savings made later on during the system life cycle.

A way of determining how effectively a system is performing is to use a set of sensors to
determine the system health, performance and safety. The is known as ‘system health
monitoring’ (SHM). SHM can be used to answer questions such as [5); ‘is the system
functioning correctly?’, ‘what is wrong with the system?’, ‘is the state of the system as
expected?’, ‘what needs to be fixed to ensure the system functions correctly?’. Notable
capabilities that fall under SHM include fault detection and identification, failure prediction,
modelling or tracking degradation, maintenance scheduling and error correction [6].
Condition based maintenance (CBM) is an example of SHM that identifies the requirements
of a system based on its current operating conditions. It uses information gathered from a

system to detect, analyse and correct equipment before a failure is displayed [6,7].

1.2 Types of Fault Detection System

1.2.1 Rule-Based Diagnostic Systems

A rule-based diagnostic approach traces the causes of a fault using a knowledge base devised
by experts in the system domain for which the diagnosis is being performed. This knowledge
is represented in the form of ‘IF-THEN’ rules, the ‘IF’ part being the condition and the
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‘THEN’ part the consequence or action taken as a result of the condition being true. Each
rule provides an independent piece of knowledge about the system behaviour that can
assist in solving the overall problem. There can be multiple conditions specified using

logical operators. Consider the following rules as discussed in [8]:

IF A THEN B
IF B THEN C
IF ¢ THEN D

If A is true then it can be deduced or ‘logically inferred’ that D is also true using these

three rules. They can be illustrated as shown in Figure 1.1.

(D—@—)—D

Figure 1.1: MNlustration of IF-THEN rules

Each rule relates to a question or test for which the outcome is in a yes/no format. The
answer determines which test to carry out next. This type of diagnostic system is simple
to use and each rule gives the user more of an idea of what the problem is and how to
solve it. Rules may also be implemented in any order. These qualities make rule-based
expert systems one of the most successful products to emerge from artificial intelligence [8].
There are however a number of limitations. A system with a large set of rules may be
slow in obtaining a diagnosis as there would be more testing to carry out. The rule-based
system cannot learn from experience unlike an expert human, and also will not be able to
automatically modify its knowledge base. It is often difficult to obtain a full correct set of
rules for a system, either because the expert has no time to update the tool or due to the

complexity of the system being diagnosed.

1.2.2 Case-Based Diagnostic Systems

Case-based reasoning is a methodology that solves a new current problem in a system using
the solutions from similar past problems and experience rather than theory. Solutions can
therefore be obtained quicker than having to solve a problem from the beginning. Each
solution obtained can be used over and over again to solve other problems in the system.
Once a failure has been identified there are four main stages of analysis; retrieve, reuse,

revise and retain, as shown by Aamodt [9].
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Retrieve

Obtain the case that is most similar to the new problem from the case-based memory of
past solutions. The information gathered should include a problem description and details

of exactly how the problem was solved.

Reuse

The solution of the case selected is adapted to meet the requirements for solving the new

problem. Modifications made can be major or minor.

Revise

A solution to the new problem is obtained and an evaluation indicates how effective this

is. If necessary, additional modifications to the solution can then be made.

Retain

Once a solution has been found it can be stored with the other past solutions as a case
in the case-based memory. The information should include a description of the problem
and details of how it was solved. This can then be used to help solve new problems in the

future.

Case-based reasoning is not as effective when making a diagnosis of large complex systems
where there could be a large number of possible past solutions to choose from to obtain
a new solution. Also, relatively new systems may not have a comprehensive case-based
memory to solve the problems. More details about case-based reasoning can be found in
Price [2], Kolodner [10] and Watson (8].

1.2.3 Model-Based Diagnostic Systems

Model-based reasoning is a deductive approach in which faults are identified by comparing
behaviour that is actually being observed from a system against an expected model.
This model is generated depending on the operating conditions and compared to what is

~ actually being observed in the system. Any differences between the observed and predicted
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behaviour indicates that a failure has occurred. Diagnosis can then be performed to locate
and determine the potential causes of this failure and obtain the most likely cause. The user
would also need to decide which part of the system to model, whether it be the physical
components or the processes of the system, and how to get a diagnosis from the observed

information obtained.

1.2.4 Real-Time Diagnostic Systems

A system is monitored continuously in order to detect faults as and when they occur in real-
time. The diagnostic system is therefore automated to run alongside the system for which
diagnosis is being performed. Once a deviation from normal system behaviour has been
detected a diagnosis is performed to obtain the most likely causes of failure. Techniques
used for diagnosis include case-based and model-based reasoning. Depending on the system
it may be possible for the diagnostic tools to also repair certain faults automatically. The
system could have built-in redundancy so that it is able to keep functioning whilst system
repairs are carried out. For other real-time tools it may be enough to indicate that a fault

has occurred in the system and leave it to the operator to deal with.

Features that real-time systems can have include {2]: continuous monitoring and problem
identification, changes in monitoring conditions, hard real-time constraints, reasoning about

uncertainty and time and autonomous decision making.

Continuous Monitoring and Problem Identification

A feature of many continuously monitoring fault diagnostic tools is they can detect problems
in a system while they develop rather than waiting for the failure to occur. Components can
then be replaced as and when required prior to failure. Without monitoring, preventative
maintenance is usually carried out and involves replacing components after so many hours
of operation in order to reduce the likelihood of that part failing. This method can be very
costly as components may be replaced with some life remaining and result in an increase

in the overall maintenance.

Changes in Monitoring Conditions

In order to provide effective condition monitoring a diagnostic system must be able to

differentiate between component states, which can be carried out using trends in system
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data. A component that is about to fail will differ in the way it functions compared to
one that is working as there would be a slight variation due to wear. In the latter case

alterations in the system operation could be made to adapt to these changes.

Hard Real-Time Constraints

The required response time when a fault is detected in a system may vary depending on
the type of system being diagnosed. In some cases the system may be able to carry on
functioning with the failure present, although not as efficiently. The diagnosis time can
depend upon the time it takes for the system to react to the failure and also the type of

failure that has occurred.

Reasoning About Uncertainty and Time

System data can be analysed over time in order to develop a set of trends. A possible
problem may be identified, but this could take time to develop before it is certain that an
actual failure exists. A trend could be used to indicate the most likely outcomes to enable

a fault to be identified as soon as possible.

Autonomous Decision Making

The diagnostic tool must be able to decide on the cause of action required for a detected
failure as quickly as possible so to minimise its effect. This decision is made automatically
without any operator intervention. Therefore, there must be confidence in the diagnostic

system to identify failures.

1.3 Diagnostic System Features

There are a number of features that a diagnostic system should have, including: problem
identification/fault detection, fault localisation, fault identification and fault diagnosis
capabilities. The significance of each of these may vary depending upon the system use.
Once a fault has been diagnosed a decision as to whether to repair/replace the component or
allow the system to continue running in an alternative operation through system redundancy

can be made.

Other desirable diagnostic characteristics include the ability of the system to provide quick
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detection and diagnosis, the isolability of failures, system robustness and the adaptability

of a system to a change in conditions as defined by Venkatasubramanian [11].

Problem Identification/Fault Detection

The first step before trying to obtain a diagnosis is to identify that a problem has occurred.
A problem may be identified using readings from sensors. The time at which the failure
first occurred may also be recorded. The readings can be compared with those expected
and thus identify any deviations encountered. Another way of identifying a problem could

be by human observation.

Fault Localisation

Once a problem has been recognised as being present in the system the potential area in

which the deviation has occurred is located in order to restrict the possible causes of failure.

Fault Identification

Once the potential fault area is located, the next phase is to identify the possible causes of

failure. This may carried out using a fault detection method.

Fault Diagnosis

The next step is to identify the component or components in the system that have caused
the actual failure to occur from the list of possibilities. In the majority of cases a system
failure will be the result of one faulty component. However, the possibility of multiple

failures cannot be dismissed, especially within more complex systems.

Once a diagnosis is made the decision to repair/replace the faulty components or allow the
system to run in an updated mode of operation has to be made. This will be dependent
upon whether the fault or faults are tolerable or intolerable within the system. If tolerable
then the system can carry on with the failure present through use of redundancy. This type
of failure may also be repaired whilst the system is in operation. If intolerable the system
would have to be shut down and the problem rectified before returning to a working status.

A flow diagram of the process of diagnostic system features is shown in Figure 1.2.
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Figure 1.2: Diagnostic process flow chart

1.4 Deficiencies in Diagnostic Systems

The following are possible deficiencies that could occur in diagnostic systems:

e The time taken to perform a diagnosis - a diagnostic system that takes a long time

to perform a diagnosis is not very efficient.

e Some diagnostic methods are not equipped to deal with the increasing complexity of

systems.

e The accuracy of the diagnosis obtained - diagnostic tools may not always produce

accurate results.
— Some diagnostic tools only generate a list of possible failures to a certain
likelihood of occurrence.

— Some diagnostic tools only diagnose single failures in systems, when there may

be multiple failures that have occurred in order to cause system failure.

10
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— Some diagnostic tools do not take into consideration the components that are
known not to have failed - working component states. These could be used to

eliminate possible causes of failure.
—~ There may be erroneous causes of the symptoms listed.

— There may be incomplete causes of the symptoms listed.

1.5 Research Project Objectives

Fault trees are commonly developed and analysed to check the adequacy of systems, from
a reliability or safety point of view, at the design stage. Since they express the causes
of system failure the aim of the research is to develop a method for diagnosing faults in
systems using a model-based fault tree analysis (FTA) approach. This will initially consider
aspects of system performance observed at specified points in time and then be extended to

consider dynamics. The following objectives have been listed in order to achieve this aim:

¢ Review the existing fault diagnostic techniques applied to systems.

¢ Develop a fault diagnostic method for steady-state conditions and demonstrate its
capability on a simple water tank level contro! system in order to predict single and

multiple failures that cause a system fault.

¢ Develop a fault detection demonstrator that, given a set of sensor readings, can
compare these with the model behaviour for the system and generate a set of potential

causes of failure for the system.

e Incorporate dynamics into the analysis to take into consideration system transient

effects.

¢ Once a method is established apply it to a larger system example - the BAE Systems
fuel rig physical model will be utilised for this purpose. Refine the fault detection

process as needed to cope with the increased system complexity.

o Identify the implications of expanding the method to larger systems such as a full

aircraft fuel system.

11



Chapter 2

Literature Review

2.1 Introduction

There are a number of types of fault detection system, including rule-based, case-based,
model-based and those using real-time analysis, as introduced in Section 1.2. It would be
difficult to develop a diagnostic method using case-based reasoning that could be used on
any type of system as this strategy depends on previous history of failures to diagnose
faults. As one of the objectives is to develop a diagnostic method for use on large and
complex systems case-based reasoning will not be investigated further. Rule-based and
model-based diagnostic systems are discussed in more detail in this chapter, including real-
time qualities. A number of the techniques contain aspects of more than one type of fault

detection system, therefore these have been placed into the most appropriate category.

2.2 Rule-Based Diagnostic Systems

2.2.1 Introduction to Rule-Based Systems

Rule-based reasoning uses a knowledge base developed by experts in that area in order to
diagnose any faults the system may encounter. The rules for the system are used to direct
this knowledge to ascertain a cause of failure. A number of diagnostic systems investigated
have been built using a rule-based strategy. These are now described in order to illustrate
how this system type has been utilised. A variety of analysis techniques have been used
including sequential testing, signed directed graphs (SDGs), FTA and Bayesian networks.

12
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2.2.2 Sequential Testing

Sequential testing is a method that can be used to perform system diagnosis by generating
a sequence of tests that lead to a series of potential causes. Each test carried out incurs an
associated cost. The aim is to obtain a diagnosis at the lowest cost possible, and therefore
acquire an optimal solution to the problem. Solutions have been derived using numerous

optimisation algorithm techniques [12-21].

The test sequencing problem [17,21] can be described as the four-tuple (.9, p, T, c) where S
is a finite set of system states, p is an ‘e priori’ probability of the system being in state s;
before diagnosis takes place, T is the finite set of available binary tests, ¢;, and ¢; are the

associated test costs.

Each test carried out divides the list of potential faults into two subsets: tests that pass,
and those that fail. The tests and states can be interpreted using decision trees, with
branches representing the test outcome (pass/fail), states are represented by the square
terminal nodes and circular nodes are the tests carried out, as shown in Figure 2.1. Left-
hand branches in decision trees illustrate the tests that have passed (‘P’} and right-hand

branches are those which have failed (‘F’).

Figure 2.1: An example decision tree

There are a number of different types of test that can be carried out, the main ones being
symmetrical and asymmetrical testing. Symmetrical tests can either be definitely passed
or failed, and so AN B = ), (where A represents the tests passed and B those failed). At
least one state will occur in both subsets A and B in asymmetrical testing. Therefore the
system state could have failed a test but still be listed as a potential cause of the next test
that takes place, and so in this case, ANB # §. Asymmetrical testing leads to multi-valued

13
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testing, in which case the tests have an arbitrary number of possible outcomes [21].

Pattipati and Dontamsetty [22] have presented a sequential approach that identifies a faulty
module in a system rather than the individual faults themselves. The testing algorithm
branches to a subset of states belonging to the same module and then ceases when it has
found the module in which rectification is required. The modular approach also offers the
option of replacing a whole module within a system rather than the exact failure. This is
only cost-effective if the cost of replacing a faulty module is less than applying more tests

to obtain the exact cause of failure.

The sequential diagnostic tool [21] carries out a series of tests to determine the system
status at a certain point in time using information about which symptoms are exhibited
when faults are present. This determines the best sequence to conduct the tests in order

to locate the fault condition in the cheapest (or quickest) way.

Consider a car braking system [21] with 7 possible system failure states and a fault-free state
as shown in Table 2.1, These are represented by S = {s, s1,. .., S7}, with s being the fault-
free state. System status can be indicated by testing 9 failure symptoms, T = {#1,%s,...,%5}.
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Failures
31 Lack of brake fAluid » -
82 Air in the brake lines » »
53 Worn pads -
8q Wet or oily pads . . L »
85 Error in the control mechanism . . -
36 Damaged wheel bearings . . » » L
aq Damaged wheel cylinder . [ . » . .

Table 2.1: Car braking system

Table 2.1 indicates where a test is used in a path leading to the identification of the system
state. For instance, the failure ‘lack of brake fluid’ would be identified through the failure
symptoms ‘fading brake pedal’ and ‘low brake pedal’, represented by ‘e’. Each test ¢; that
leads to a system state incurs a cost, ¢;, which in this particular example are all assumed
equal to 1. The information from Table 2.1 can therefore be written in matrix form, as

shown in Table 2.2, where ‘1’ in the matrix corresponds to ‘e’. Fault probability ‘p(s;)’
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in the right-hand column of the matrix is the probability of the system being in state ‘s;’

before diagnosis takes place.
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Table 2.2: Braking system matrix

The order in which tests are carried out in a procedure can be illustrated using a diagnostic
decision tree, as shown in Figure 2.2. The average cost J of a procedure can be obtained

from the equation:
m n

J=3_> aup(si)cs, (2.1)

i=0 j=1

where ay; is 1 if test £; is used in the path leading to the identification of system state
s;, and zero otherwise (represented in a binary format). The aim is to minimise J, i.e: to

obtain the lowest possible or optimal cost.

Figure 2.2: Optimal sequential diagnostic decision tree for the

brake system with symmetrical tests

There can be more than one solution obtained to the problem. These may vary in cost

depending on the ordering of the tests. The optimal solution to the problem is one that
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yields the lowest cost, of which there may also be more than one possibility. Substituting
the values for Figure 2.2, which illustrates an optimal solution, into Equation 2.1 and gives
J = 2.9875.

The methods described by Pattipati [17], Pattipati and Dontamsetty [22], Zuzck et al. [18,
19,21] and Biasizzo et al. [20] are limited to situations where only a single fault is expected
to exist at any point in time; they do not take into consideration multiple component
failures. Instead it is assumed that the system tests would be applied frequently encugh
to ensure that only one component failure has occurred. There is still the chance however
that two failures could occur within the time frame that the system is checked, which
makes diagnosis difficult. In the situation where two failures reveal only the symptoms of
one failure this masks the faults, leading to incorrect diagnosis. Once the visible failure is
rectified the tool would have to be used again to try and ascertain if any other failures are

present.

The sequential testing approach has been extended to deal with the occurrence of multiple
failures in systems using the single fault strategy as a building block for the expansion.
The first step made by Shakeri et al. [23] considered extending the single fanlt strategy by
isolating fault candidates in the sequential diagnostic tree, resulting in the identification
of single or multiple failure possibilities. The idea of the multiple failure strategy is that
a faulty component is replaced when identified. The system is checked again to see if the
problem has been rectified by testing the system with the test that failed and all remaining
tests not yet carried out. This continuous testing will identify whether the correct fault
has been obtained or if a failure has been masked. It also identifies if there are any other
failures with the system. There is however a high probability that some of the components
replaced may not be faulty resulting in higher costs. The system could also encounter
reduced system functionality for longer periods of time or even downtime from operation
because of time taken to diagnose and rectify the problem. Also, this method is still only
checking for single failures, just the process of testing for failures is carried out again once

a failure has been rectified.

The investigations of continual testing for single failures to obtain multiple possibilities
led to the development of a set of strategies that can isolate multiple definitely failed
components at the same time. Each test can automatically indicate a failure of some kind
in the system and more than one failure state for each test can be obtained in order to
allow for the occurrence of multiple faults. Each test has an associated action that is carried

out, therefore if a test fails then a failure state can be identified before the bottom of the
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decision tree is reached. This allows numerous failures to be identified. One of the main
problems with this method is the large computational complexity that is encountered when
dealing with multiple failures in a system and it has been suggested that to overcome this
problem the test strategy should be generated ‘on-line’ as stated in Shakeri et al. [23]. Tests
carried out in the analysis have been assumed to be perfectly reliable but in reality this
may not be the case. Unreliable test sequencing problems have been considered in previous
work carried out by Raghavan et al. [24], but only for single component failures. Finally,
the failure signature (indicates all tests ¢; that monitor a state s;) of a multiple fault was
assumed to be the union of failure signatures for individual faults, but this is not always

the case [23] (i.e. failure states are independent).

A diagnostic system can be built to represent and automatically traverse diagnostic fault
trees [2], which have the same structure as a sequential diagnostic tree, as shown in
Figure 2.3. A diagnostic fault tree can be constructed in either an expert system shell or in
a conventional programming language. This makes it easier to handle large complex trees
that may spread over numerous pages if drawn out by hand, thus reducing the possibility of
operator error. Automation enables the diagnostic system to follow the traversal progression
and store detailed information with regards to each test and repair procedures to be carried

out once a diagnosis has been ascertained.

Outcome 1

Qutcome 2 Outcome 3

Figure 2.3: Simple diagnostic fault tree

An automated diagnostic system containing a diagnostic fault tree can be easily
implemented and any alterations to the tree can be carried out in a straight forward
manner, making the strategy reasonable to maintain. Automation also makes the more
complex branches in the tree easier to illustrate, for instance the user may wish to have
more than two possible outcomes from the questions asked. Should a tree become too large

it can be split into appropriate tree sections in order to make it more user friendly.
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The implementation phase of diagnostic fault trees can be a lengthy process and brings with
it the risk of introducing possible errors into the trees. These problems can be omitted from
the analysis by using a tool that automatically develops the diagnostic trees, giving the user
a graphical output. The tool then creates a computer program from the diagnostic fault
tree information and lessens the possibility of the user introducing programming errors into
the system. Three examples of tools that generate a diagnostic system from diagnostic
fault trees are GRAF2, TestBench™ and GRADET™,

There are a number of disadvantages to using diagnostic fault trees. A tree may have to be
updated on a regular basis in order to meet the demands and changes made in a system,
for instance if a new component is added to a system then this could incur a failure that
would need to be registered in the trees. Diagnostic fault trees could also get very large,
making them more difficult to handle and maintain. There may be a difficulty in drawing
a diagnostic fault tree for a new system that has no listed fault diagnostic history. The
diagnostic fault tree approach is best employed in situations where a failure has caused a
system to stop working and needs to be repaired in order to get back to its normal operating
mode. The technique would not be as suitable for continuously monitored systems or ones
that reconfigure their operation with the presence of a failure as the trees cannot account
for this.

2.2.3 Signed Directed Graphs

Signed directed graphs (SDGs) can be used to illustrate the propagation of failures through
a system and are most noted for their use in the chemical processing industry. A SDG
consists of a set of vertices or nodes and edges. Each node représents a system process
variable or the failure of a component. In the event where one variable has an affect on
another an edge can be drawn to define a relationship between the two nodes. Edges are
always directed from the independent variable to the dependent one, as indicated by the
direction of the arrow. When there are a number of edges connecting the same two nodes,

only one edge can be true at any time as they are mutually exclusive.

SDGs use signs (+) or (-} on the arcs to indicate whether the cause or effect change in the
same or opposite directions respectively. Each node in the graph is also assigned one of
three values, these being normal, higher or lower and (0), (+) or (-} are used to represent
these respective results. SDGs can also contain conditional arcs that only become active if

this condition is met. An example of a simple SDG is shown in Figure 2.4.
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+
A+O O+B

Figure 2.4: A simple signed directed graph

A method was devised by Kramer and Palowitch, Jr. [25] to identify the possible causes
of process disturbances by creating SDGs in order to show interactions within a system.
SDGs are used to develop a fault model, resulting in a set of directed trees that branch out
from a given root node. Each node is representative of the origin of a fault and the branches
indicate the propagation of the failure. Once the fault origin is located, in order to reduce
the analysis, any nodes that do not represent a sensor - unless they are a potential root
node - are removed and replaced by a single edge in order to leave the branches of interest

for the diagnosis.

The reduced SDG is converted into a set of logical statements or ‘rules’ to ascertain the
failure. For a branch A —» B “if A is 1 then B will be 1 or 0, ‘if Ais 0 then B must be 0’
and finally ‘if A is -1 then B is -1 or (’. Similar results can be obtained for A 2, B and
A — B. Logical functions can be defined for each type of branch and these are evaluated
to obtain a diagnosis. Kramer and Palowitch, Jr. concluded that only single failures could
be identified using this technique and numerous possibilities were ascertained, some of which
were incorrect. In other cases the true failure was not included in the list of possibilities,
which often was encountered in control loops due to the presence of non-single transitions
(changes of sign). Correct diagnosis is only guaranteed in the case where all variables use

a single transition [25].

The method was extended by Chang and Yu [26] to try and overcome the problems
that were identified by Kramer and Palowitch, Jr. The SDGs are simplified additionally
considering results from steady-state analysis to improve the diagnostic solution. System
state information is used to create arcs between certain nodes in order to depict the
movement of a system from one state to another, therefore creating modularity. Additional
process knowledge is sometimes required to indicate the effect most dominant in the fault
transmission. The problem of obtaining a diagnosis for non-single transients is considered

for the case of control loops by developing a set of rules for use during a transition.

Tarifa and Scenna [27,28] present a rule-based method for diagnosing faults in systems using
SDGs, adapted from the technique used in Kramer and Palowitch, Jr. [25). Qualitative
modelling of a system is conducted using SDGs and from this a set of rules - for each of

the sectors it is divided into - are created off-line. The on-line stage is executed by the
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system detecting an abnormality in sensor outputs. Fuzzy logic (takes into consideration
partial truth as well as values that are completely true or completely false as in Boolean
logic) is used to evaluate the set of rules obtained from the SDG. This type of logic was
found to be better for evaluating the rules as less information was lost. The method was
used on a larger system in [28] by building the SDG in sectors to deal with the size. There
is still a heavy computational cost involved, especially in large examples with more rules

to evaluate.

2.2.4 FTA

FTA is a deductive technique used in the safety and reliability assessment of systems to
identify the causes of a specified system failure mode using a ‘what can cause this’ approach.
The idea was first developed in the early 1960s by H. Watson [29] at Bell Telephone
Laboratories and has become one of the most widely used reliability modelling techniques.

Fault trees have also been noted for use in the development of diagnostic systems.

A fault tree can provide a symbolic representation of a failure mode that has been identified
in a given system. This specified failure mode is called the ‘top event’, located at the
top of the tree. The branches from this event lead to the possible causes of this failure
(intermediate events) until component failure (basic) events are reached, terminating the
logical development. More than one failure mode may be encountered in a system, therefore

a fault tree should be drawn for each.

Madden and Nolan [30] and Nolan et ol [31] have investigated the notion of diagnosing
failures within a system through inductively learning from previous examples. The approach
uses a ‘black-box model’ of the system containing a knowledge base of what faults arise in
components for given conditions, therefore no detailed description or analysis of the system
to which it is applied is needed. An algorithm has been developed comprising of two
main components, these being a fault tree induction module and a fault diagnosis module.
The fault tree induction module uses example case data for both undesired events and for
normal system behaviour that has been obtained using training data in the form of sensor
recordings in order to generate fault trees. The algorithm builds a set of fault trees from
this data for each identified system state. The trees are then translated into rules for use
in the fault diagnosis module. This module takes a sensor recording that is supplied from

the system and returns a set of possible states that the system could be in to the operator.

The diagnostic method uses aspects of both case-based and rule-based reasoning techniques
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and has been tested on an example system containing a variety of potential failures. The
results obtained were compared with those based on an approach using neural networks [31]
and the fault tree technique was found to be more effective. The method was extended to
teke into consideration multiple failures [32] by modifying the training data. Multiple
failures are assumed to occur when either a failure that has already happened is not
repaired and another materialises or if a known failure is in the system and another occurs
intermittently. The technique learns overall from previous system experience, therefore it
cannot be guaranteed to successfully diagnose all conditions obtained in the system in the
future. The fault trees contain AND and OR logic, therefore there is no consistency check

present within the trees.

Performing diagnosis using FTA will result in either one or a number of potential causes
of failure. These potential causes are the minimal cut sets for the system. A method for
diagnosis using a fault tree based approach to obtain minimal cut sets and repair information
is described by Takahashi et al. [33]. Diagnosis takes place after a system has failed. A list
of minimal cut sets or potential causes of failure are originally identified using FTA, which

is used to indicate any deviations in the system behaviour from normal operation.

The actual cause of failure is identified by inspecting each component within the minimal
cut sets. This part of the analysis is rule-based in structure as each component is checked
to see if it is functioning or if it has failed. The method assumes there is a possibility
the system failure can be caused by more than one minimal cut set as not all the failures
may be identified within this. However, this implies that the method has not identified the
actual failure cause in its list of possible causes, as the overall cause should be present in

one possibility.

Information from fuzzy FTA and uncertainty along with imprecision of data is used by
Yang et al. [34] in the creation of a diagnostic system. A knowledge of causal relationships
in the operation process and system control is represented by a fault tree. Fuzzy logic is
used to take into consideration possible uncertainty information and data. The knowledge
base stores qualitative information from a fault tree in the form of production rules and
quantitative information obtained. The diagnostic tool identifies any deviations in the
system by comparing the system data with the production rules. The method is presented
on a small system and would have to be extended to a larger example in order to show how
effective it can be. Also, only AND and OR logic is present in the fault trees used in the

analysis, therefore the method does not take into consideration component working states.

Dynamic fault trees provide special constructs for modeling sequential failure modes in
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addition to standard combinatorial gates in FTA. Assaf and Dugan have developed a
method to evaluate the possible cost of diagnosing a given network system when it
fails [35-37]. A dynamic fault tree is created to illustrate the system model and for use
in the diagnosis. This fault tree is then analysed and diagnosis performed by Automatic
Diagnosis based on Reliability Analysis (ADORA), a diagnosis tool [36]. ADORA obtains
diagnostic importance factors for each component within the system along with the cost
and diagnostic importance factors (diagnostic information per unit cost of testing). The
cost and diagnostic importance factor results are then used to order tests to be carried out.
The tests are chosen depending on the symptoms given from the system. This information
is used by ADORA in order to create a diagnostic decision tree [37] - which is similar
in structure to the sequential diagnostic tree - to be evaluated for obtaining the cost of
performing a diagnosis and to identify the potential causes of failure. The method is only
used on a small real system configuration, therefore investigations need to be conducted in

order to find out how effective it is on a larger system.

2.2.5 Bayesian Networks

The diagnosis of a failure can be described in terms of reasoning of the relationships between
cause-effect and/or fault-symptom within a system. A fault may be the result of a number
of different symptoms, whereas a number of failures may be the cause of just one symptom
within a system. In many cases a fault-symptom relationship is probabilistic rather than
deterministic, therefore there may only be a probability of a symptom occurring for a given
failure [38]. Probability theory is able to contend with uncertain knowledge or rules and
fuzzy input data along with functional mappings and simple thresholds from a system for
the application in system diagnosis. This is achieved through the use of tools such as
Bayesian networks. A Bayesian network consists of a set of variables or ‘nodes’, each of
which has a finite set of mutually exclusive states and a set of directed edges [39], as shown

in Figure 2.5.

Figure 2.5: A simple Bayesian network
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For each variable X that has parents Y),..., Y, there exists a conditional probability table
P(X|Y1,...,Y,). If a variable A has no parents then there would just be the probability
P(A). In figure 2.5 P(A) and P{B) are ‘a priori’ probabilities which must be specified. The
other probabilities to specify are P(C|A, B), P(E|C), P(D|C), P(F|E) and P(G|D,E, F).
The information from the Bayesian network can be used to build a simple conditional

probability table to indicate the probabilities of occurrence of failure.

It is often hard to specify all the necessary node probabilities and this has been identified
as a difficulty when using Bayesian networks for fault diagnosis. Kirsch and Kroschel [38]
addressed this problem. This is carried out by obtaining the probabilities through solving a
series of non-linear equations developed from known probabilities. The method was found
to be very complex even for the simplest of real world examples. Numerical methods were
found to provide some solutions for solving parts of the general non-linear equation system,

but more investigations were found to be required.

Wolbrecht et al. [40] have developed an approach that uses Bayesian networks for monitoring
and diagnosis of a multi-stage manufacturing process. The methodology is demonstrated
for the cap alignment process - the manufacturing of a product during which a cap is
aligned to a base and joined together - for the identification of single and multiple failures.
Monitoring of the system is performed on-line in real time to identify any sensor deviations

and obtain a diagnosis as soon as possible to reduce system down-time.

A Bayesian network model is developed for each cap and base part that collectively
represent the probabilistic relationships between inspection data, alignment position and
alignment process components. A network is constructed with a set of nodes with causal
relationships present between nodes. Each node also has an associated conditional and
‘a priori’ probability. The part models are combined to generate a process model for the
current overall system, which was implemented as a Visual C++ program. This is used
to determine the ‘a posteriori’ probabilities of the alignment process components using the

observed data from the basic inspection points.

The real-time application allows failures to be detected on-line. In some cases once a fault
is highlighted in a specific section this can be shut down and then the component is replaced
or repaired. The precision of the diagnostic results with the approach is however dependent
upon the accuracy of the configuration parameters. Large numbers of components in certain
system sections have made the actual failure cause more difficult to ascertain, but at the
very least the system still indicates that a failure has occurred. Another limitation is that

the algorithm used to update the ‘a posteriori’ probabilities will not completely scale to
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larger processes in its current state due to the large complexity.

Bayesian networks are applied to a power network system for fault diagnosis on a
distribution feeder by Chien et al. [41] using expert system knowledge and historical data.
From this information a Bayesian network is developed to model the causal relationships
between the fault(s) in the system and observations from feeder outages. The expert system
knowledge and historical data includes information records of the occurrence of past failures
(such as date, time, location and equipment type), causes of incidents, along with records of
prior and conditional probabilities. A Bayesian network for fault location was constructed
and evaluated by an expert in order to indicate the suitability. This was then validated
by comparing the results obtained for a selection of likely scenarios with those from the
historical data. The method is only used for diagnosis of single failures in the system and

needs further research in order to indicate the scalability to larger systems.

Application of Bayesian networks for use on the bleed air control system (BACS) of a
Boeing 737NR aircraft is carried out by Paasch and Durgi [42] in order to develop a tool
for troubleshooting a complex electromechanical system. The objective was to ascertain
a fault in the system using a sequence of actions that minimised costs and resulted in
a functioning system. The BACS has numerous sensors, which are used to indicate the
presence of a deviation. During the diagnostic process the tool takes inputs from the sensors
and is designed to suggest the most appropriate test to be carried out or the component to

replace.

Due to the computational complexity and use of memory it was found to be impractical
to apply Bayesian networks to obtain optimal troubleshooting and were not as accurate
as decision analysis because of the assumption of conditional independence. They were
however useful in the decision making process and can be used to improve the efficiency of

the diagnosis procedure in an electro-mechanical system.

2.3 Summary of Rule-Based Diagnostic Systems

o A rule-based system uses a knowledge base developed by experts in order to diagnose

any faults the system may encounter.

e The knowledge is collated into a set of rules, each drawn up in an ‘IF-THEN’
structure, the ‘IF’ giving a condition for the rule to be true and the “‘THEN’ being

the consequence or action taken as a result.
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e The rules can be used in any order as they are mutually exclusive.

e In general a depth-first forward chaining method is used in which the action taken
in turn becomes the condition for the rule to be true until the chain ceases and the
cause is obtained. This can be used in cases where a deviation has occurred and the

cause is deduced by working through a subset of rules.

e A number of the systems use a method to obtain information and then use a set of

rules to analyse this information to obtain a diagnosis.

2.4 Advantages of Rule-Based Diagnostic Systems
e A rule-based method is a structured approach that utilises the knowledge base of a
system.

e In the event of any modifications made to the system the knowledge base can be easily

up-dated, making this type of method straightforward to maintain.
e Rules can be implemented in any order.

e Each rule gives the user potentially more of an idea of the problem and how to solve
it.

e The rules can be made to be as clear and concise as possible, allowing a simple root

to diagnosis.

2.5 Disadvantages of Rule-Based Diagnostic Systems

e A rule-based system cannot learn from previous experience, unlike a human expert,
therefore will not automatically modify its knowledge. Also it cannot up-date itself

in the event of any modifications made to the system structure.

¢ In general a larger system will have a bigger set of rules that may make the diagnosis

more complex and slower in obtaining a diagnosis.

e It could be difficult to provide coverage for all faults in the system with the method,
depending on the complexity of the system it is being used on.
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o Rule-based methods in general deal with finding single failures when in some situations

there may be multiple faults exhibited.

2.6 Model-Based Diagnostic Systems

2.6.1 Introduction to Model-Based Systems

Model-based reasoning is a deductive process that uses a model of system behaviour to
indicate how it should be working and compares this against what is actually being observed
to highlight any abnormal activities. Figure 2.6 shows the relationship between the model

of expected behaviour and the actual activity observed from the system.

Physical Observed Expected
— ) ) <~— Model
System Behaviour Behaviour

Deviation

Figure 2.6: Diagnosis of system failure comparing

expected and observed behaviour

The model of system behaviour is generated depending on the normal operating conditions.
The observed system activity is then compared to that expected. Any difference between
the two indicates that the system has deviated from its normal mode of operation, implying
that a failure of some kind has occurred. When a deviation between the model and actual
behaviour is encountered potential causes of failure are obtained and the most likely cause

determined by performing system diagnosis.

The model is only an approximation to the real system, and so may not provide all possible
information, (more details can be found in Shrobe {43]). In the majority of cases a model
will not be able to be reused on a new system. Model-based reasoning works from the

symptoms exhibited and traces the steps back to the underlying failure in the system.
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2.6.2 Failure Modes and Effects Analysis (FMEA)

FMEA is an inductive or ‘forward’ qualitative reliability analysis tool that uses a ‘what
happens if’ approach in order to identify potential system failure modes, their causes and the
effect they can have on system operation. It provides a structured procedure for evaluating
the severity of the failure modes for a system, subsystem or function. The knowledge of a
system in a FMEA format has proved to be constructive in the development of diagnostic
systems. The formation of a FMEA can however be very time consuming and human errors
and inconsistencies are often likely as they are usually developed by hand. Also only single

failures are normally considered in the analysis, which is a significant drawback.

Price and Taylor [44] and Price [2,45] demonstrated the use of automated FMEA to generate
reports that could be used in a diagnostic tool, ‘AutoSteve’, for diagnosing multiple faults
in systems using qualitative model-based reasoning. The tool is used by several automotive
manufacturers for FMEA generation. A FMEA report is produced by obtaining the normal
system behaviour and recording the operating functions. The possible failures that could
occur can then be identified along with the functional behaviour of the system when each
of these faults occur. The faulty and normal behaviour is compared and any discrepancies
in the function are recorded in the FMEA report in order to indicate that a system has

been affected by a failure.

Once the area in which a failure is situated has been located from the functional information
the diagnostic system determines a list of possible component failures, which are ordered
by likelihood. A series of tests, represented in the form of a diagnostic fault tree, can be
employed to indicate whether the most likely cause is the actual fault. These will either
show that this is the cause or will rule it out of the possibilities.

The information generated in the FMEAs can be verified by the engineers, which provides
an extra beneficial level to analysis checking. A system can be divided into subsystems
enabling the method to focus in on a smaller problem area. The method is also able to
reduce the amount of time taken in drawing up a FMEA, which is normally developed by
hand. The failures from the FMEA are only generated to a chosen degree of likelihood of
occurrence - the system cannot generate failures containing four or more faults; therefore all
possible outcomes for a system scenario may not be obtained. This is due to the amount of
time taken to perform calculations. Also in some cases the tests carried out are not specific
enough to obtain failures that develop gradually within a system. Building diagnostic trees

using automated FMEA has decreased the construction time but this could still be improved
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if costs of tests were considered.

Atkinson et al. [46,47] investigate the notion of automating FMEA for fault analysis on
hydraulic system circuits. A model of the system is established and the behaviour collated
in a library containing component models and their faults in a computer program. These
can be used to simulate a required circuit. Each component model contains a description of
its behaviour when in normal operation and when failed. Faults in the system are modelled
by knowledge of the expected system behaviour and the possible failure modes for the

system.

A circuit specification is input into the program in the circuit definition file, which will
set up a new network of objects within the computer’s memory in order to simulate this.
Variables monitored within the system are pressure and flow. A qualitative simulation
of the circuit is executed in order to determine the correct circuit operation. Faults can
then be input into the simulation and once the faulty operation is located by the system
sensors the possible effects are recorded in the FMEA. This is used to build up the affects
that all faults in components in the circuit can have upon the system. Fault diagnosis is
performed by inputting a fault into the system and allowing this to be detected and the
FMEA to diagnose the cause and effects. Only single faulty components can be input into
the program, therefore the method does not take into consideration multiple failures in the

analysis.

A number of investigations carried out by Paasch et al. into development of mechanical
system diagnosis have incorporated FMEA and fault trees [3,4,48-52]. The work is aimed
at developing a method that can indicate how easily failures can be detected in a system
so that improvements can be made to the diagnosability (the ease at which faults in a
system are isolated [3,4]). A method is presented by Ruff and Paasch [48] that uses
structural functions to map visible indications of whether an operation is or is not being
performed (performance measurements) to the components within the system (parameters)
in order to gauge the system diagnosability. The method uses the relationships between the
observed behaviour of the system and the potential causes of failure of the components. The
normal operation of the system is determined at the conceptual phase of design and FTA is
performed to identify any failed components for visible indications that have deviated from
the expected system behaviour. The effects of these potential failures are collated into a
FMEA to indicate the relationships between operations and components. Analysis is begun
by the presence of abnormal behaviour, indicated as a discrepancy in the system model.

The potential causes of failure are linked to this deviation using a set of rules to identify
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appropriate candidates. Clark and Paasch [49] extend this work to take into consideration
unreliable failure indications and system components. The system modelling is carried out

on conceptual, partially defined and defined mechanical systems.

Henning and Paasch [4] develop a diagnosability model that is initially built from system
data in a FMEA and FTA in the same way as described by Ruff and Paasch [48]. The
component-indication mapping methodology is also used to determine the relationships
between components and observed system behaviour. The information from the FMEA and
FTA is used to construct a series of matrices in order to describe the diagnosability model
mathematically, These are then used in order to determine the rate at which components

need to be replaced.

The work carried out by Henning and Paasch is extended by Mocko and Paasch [52] to
include imperfect indications or sensors into the diagnostic model. The model is developed
further using Bayes’ formula in order to determine the truth of an event that is based on
prior knowledge and current observations. A limitation to the research described is that
only single failures are taken into consideration in the analysis and also indications are

binary, therefore only yield a pass or fail whereas in reality they could be any value.

2.6.3 FTA

The notion of automating FMEA for fault analysis on hydraulic system circuits was
described by Atkinson et al. in [46,47). Hogan et al. [53] use this program as a basis
to automate the output of FTA. At the start of the analysis each possible failure in the
system is assessed and a FMEA generated listing the local and global effects of the given
fault. In order to generate an automated FTA a top level event is indicated for the system
and then each FMEA containing this effect is investigated. Any faults found to have this

effect are potentially the cause of the top level event in the system.

Multiple failures can be considered by injecting each failure separately into the system to
allow the effect of each fault to be indicated. The problem with this strategy is that in
some cases two failures input together may give different results to the same two failures
input separately. The fault trees are analysed and a list of cut sets are obtained to indicate
the potential failure causes for the system. The automated fault trees produced from the
system do not contain success states and there is no provision for checking the potential

causes of failure against working components.
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Papadopoulos presents a model for on-line monitoring and diagnosis using fault trees to
determine the causes of system failure [54-56]. The model consists of two parts, the first
being a structural model that is developed from system information including the physical
structure of the system, any subsystems present and the types of components within the
system, their functions and possible failures. The second part of the model monitors the
behaviour and contains knowledge of expected operations for the system and its subsystems.
The model can identify any transitions made to deviated states in the system operation.
Abnormalities are obtained through a Hazard and Operability (HAZOP) study. Identified
failure transitions from the behavioural model correspond to the top events in the fault
trees that are developed using the structural information. The model records the sequence
in which failures happen and accounts for failures in their chronological order of occurrence

within the fault trees.

NOT logic is excluded from the fault trees; therefore only component failures are taken into
account to obtain a system diagnosis. As a result, some faults that occur simultaneously
have required conflicting remedial procedures. This has been shown to cause unpredictable
and potentially hazardous effects [56]. The work also indicated the need for better validation
of the readings.

The use of fuzzy set theory as a diagnostic tool has been investigated by Gmytrasiewicz et
al. [57]. Component failures within a system are diagnosed using the observed behaviour
of ‘fuzzy’ or uncertain symptom information, which is stored in a fault tree structure. All
gates within the fault tree are treated as symptoms and basic events are prospective failure
modes. The method is divided into two parts. In the first part failure modes are diagnosed
using causal reasoning - in order to establish the relationship between the cause of a failure
and its effect - in the form of minimal cut sets that are obtained from the fault trees. Fuzzy
set theory and fuzzy logic are used in order to account for any uncertainties or ‘fuzziness’
in measured symptoms from the system thus allowing for possible imprecision. Fault trees
are generated for the observed system symptoms and an algorithm has been developed for

diagnosing the failures that are represented by these trees.

In the second part, the actual failed components are identified based on the diagnosed
failure modes using the list of possibilities obtained from the first part of the analysis.
These are acquired by solving a series of equations generated from information in the first
part of the analysis in order to relate the failure mode to the cause. The main limitation to
this work is that the fault trees used only contain AND and OR logic, therefore there is no

consideration of checking for consistency. The method has been tested on small systems,

30



Literature Review Model-Based Diagnostic Systems

so further work involves testing the method on more complex examples.

Yangping et al. [58] have developed a method that utilises genetic algorithms, classical
probability and characteristic fault diagnosis procedures for the diagnosis of multiple faults
in nuclear power plants using the knowledge base of a system. Genetic algorithms are
search routines based on Darwin’s idea of ‘survival of the fittest’ [59). They work with a
population or ‘colony’ of candidate solutions or ‘chromosomes’ that are typically encoded
as binary strings. The search is performed using a fitness function based around the actual
function of the problem. It attempts to simmulate the rules of the biological evolutionary
process using reproduction (natural selection), crossover and mutation; the 3 main genetic

operators within the algorithm.

A colony of strings are created in order to simulate the set of possible faulty component
states within the system for a given set of sensor signals. The length of every string in the
analysis is equal to the number of possible system failures, with ‘O’s representing working
components and ‘1’s depicting failed components. The knowledge base is constructed from
a combination of FTA and event tree analysis that considers only component failures. This
information is used to calculate the fitness of each string and indicates how well each fits
to the given system status. Diagnosis is terminated when either the pre-determined fitness
value of a string is met, or the difference between the average fitness in several continuous
colonies and the difference of strings in every colony is less than the pre-determined value.
Therefore either the diagnosis is obtained or a number of possibilities within a certain
range are obtained and need further analysis in order to get an overall result. There are
a number of limitations with the described method. Genetic search is slow in obtaining
solutions for large and complex systems and there can be problems determining when a
global rather than a local diagnosis has been obtained. The initial strings are produced
randomly, therefore if the character of a string is bad then this will be difficult to improve
and obtain the actual failure cause. Work also needs to be carried out into obtaining a

more effective fitness function for the system.

2.6.4 Digraphs and SDGs

Iri et al. [60] proposed a method for obtaining faults in chemical processing plants by
applying graph theory for the diagnosis of single failures using SDGs to model system
behaviour. The approach uses actual sensor readings obtained, which are compared to

that expected in the system in order to indicate any deviations. The overall state of the
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system is determined by the state of each variable within it. These can be in one of
three categories: high, normal and low that are defined by ‘+’, ‘0’ and ‘-’ respectively.
Therefore the system state is identified by a set of signs obtained from each state that are
represented by nodes in the SDGs. The approach generates a cause-effect graph from the
system SDG that contains nodes representing abnormal behaviour and edges illustrating
fault propagation. Any nodes from the SDG exhibiting normal behaviour are excluded from
the cause-effect graph. Process variables within the SDG are monitored and any deviations
lead to the creation of the graph and then the potential causes of failure are determined

through pattern propagation.

The approach was found to effectively identify single failures with single origins. The
assumption of having systems that contain only single failures is however unrealistic.
Multiple failures, although less likely than single failures, may still occur in systems. There
could also be numerous areas of a system that indicate a deviation from a single fault, so
this may also need to be taken into consideration. The research was extended by Iri et al.
to take into consideration failed and working nodes in the failure identification [61] because
it was found that eliminating the working nodes lead to a loss of information in some cases.
This was carried out by developing an SDG with a partial pattern (signs are only placed on
nodes where required). Within the analysis it has been assumed that there is only a single

origin of system failure.

A SDG based algorithm for diagnosing multiple faults in systems was developed by
Vedam and Venkatasubramanian [62]. A model of expected behaviour is determined by
inspecting the system during normal operation. Failures can then be obtained through the
identification of deviated process variables, for instance too much or too little mass flow
at a certain point in the system. Single fault diagnosis is performed by identifying the
propagations made through the process variables in the SDG. The strategy was modified
to take into consideration multiple failures by identifying combinations of root nodes that
lead to abnormal behaviour. A list of cut sets are obtained containing all possible failure
outcomes. These are minimised so that each potential failure cause contains the smallest
number of component failures such that if they all occur then so does the failure symptom.
Analysis has been found to be computationally intensive and therefore multiple faults are
explored only on an ‘as needed basis’ in order to reduce this. There is a problem of poor
outcomes in certain system conditions, along with the identification of failures that cause
conflicting arguments, which strengthens the need of some kind of consistency checking

mechanism.
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The directed graph or ‘digraph’ is similar to the SDG, but it uses numbers as well as
signs on the arcs to indicate whether the cause or effect change is in the same or opposite
directions respectively, and there are no signs associated with the actual nodes. Consider
the example digraph shown in Figure 2.7. Edges in the digraph are depicted as lines and
nodes as circles [63,64].

-1: Condition B

0: Condition A
Figure 2.7: A simple digraph

Each node is labelled with the process variable and location number. The process variables
in Figure 2.7 are mass flow rate at locations 1 and 2. Other possible process variables
include pressure, temperature and sensor signals that can be represented by P, T and S
respectively. M1 is an independent variable, and M2 is a dependent variable since the

arrows on each edge are pointing from M1 to M2.

Each edge in the digraph is given a number indicating its associated gain that defines the
relationship between two variables. The gain is signified using five numerical values: 410,
+1, 0, -1, and -10. These represent the discrete categories strong high, moderate high,
null, moderate low and strong low respectively. An edge that only consists of a number
represents the relationship between two process variables that is usually true. Referring to
Figure 2.7 the edge that has a gain of +1 is the normal edge. The other two edges are
conditional, which indicates that each of these relationships can be true when the given

condition is satisfied.

The same five discrete values +10, +1, 0, -1, and -10 are also used to indicate disturbances
or failures in the process variables. A disturbance of zero shows that a variable has yielded
its normal expected value. A value of 1 indicates a moderate disturbance in the system that
can be controlled, and the sign determines whether this is above or below that expected.
Larger disturbances are represented by an absolute value of 10 and cannot be put right
by the system itself. A digraph can therefore be constructed to show the normal system

function and the impact component failures and deviations from inputs can have.

In general a deviation in the dependent process variable caused by a deviation in the

independent one is obtained by multiplying the disturbance from the independent variable
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by the gain. Referring to Figure 2.7, if the disturbance at M1 is +1, then M2 will also
have a +1 deviation. The maximum deviation that can occur has an absolute value of 10,
therefore if the gain was +10 and M1 +10 then this can only result in +10 at M2 also.

Ulerich and Powers [65] have developed a method for on-line hazard aversion and fault
diagnosis for use in chemical process using digraphs and fault trees. A digraph model of
the system is developed and used to generate fault trees to analyse the system faults. FTA is
a reputable technique for use in the safety and reliability assessment of engineering systems.
However, if two engineers were given the same system and undesired event then it would be
most likely that they develop fault tree, comprising of different structures. Developing fault
trees from digraphs provides an intermediate step that enables a more structured approach
to be taken.

A digraph model is developed for the system. From this a causal fault tree describing the
given identified disturbance is generated. This tree is expanded for fault detection to take
into consideration consistency by adding verification gates to basic events to make sure that
certain system conditions are met in order for the given event to possibly exist. Potential
causes of failure are then obtained from the analysis in the form of a list of cut sets. The
most likely cause is determined using real-time data. The fault trees may verify that certain
system conditions are met, but they do not take into consideration components that are
working successfully within the system. Further work is also required to investigate how

the approach would scale to a larger system example.

Fault diagnosis using digraphs to model error propagation has been considered by Chessa
and Santi [66] for systems containing single or multiple failures. A model of normal system
behaviour is described by a set of sensor readings and compared to those actually occurring
in order to indicate the presence of failure within the system. Sensors actively sound an
alarm when an abnormal condition is indicated and remain silent when there is no failure at
that particular location., This information is then used to analyse the digraph and obtain a
set of potential failure sources, which are then tested in order to ascertain the actual failure

cause.

Two separate algorithms were investigated: D-FAULTS and S-DIAG. Each algorithm
searches the digraph for the location of the deviated sensors. The D-FAULTS algorithm
could be used to diagnose a maximum of two failures at the same time within a system.
Multiple failures could be identified by S-DIAG, which is a sequential diagnosis algorithm,
but a drawback with this method is the time taken to obtain a diagnosis and repair the
damage. This technique was further developed by Tu and Pattipati [67] to diagnose multiple
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failures in systems through the use of sensor alarms, but the method does not take into
constderation faults that immediately affect the status of a system when they occur. System

redundancy is also not addressed in the analysis.

The issue of diagnosing multiple failures in systems using digraphs is also addressed by
Iverson and Patterson-Hine [68]. The use of an AND gate within the digraphs as depicted
in Figure 2.8 enables both single and multiple failures to be identified and also provides a
means of modelling system redundancy. Each AND gate can only have two inputs and one

output, therefore to identify more than two failures multiple gates must be used.

The method uses a model of expected behaviour to highlight any deviations or failures at
process variables (nodes). The digraph nodes are ‘marked’ true or false to identify whether
a failure at that node has occurred. A marked deviation propagates through the digraph
to the node’s adjacent edges and determines other nodes that have failed as a result of the
failure. If a node that is already marked is found the search ceases. A problem identified
with this method is the computational time taken to identify the failures.

Figure 2.8: A digraph AND gate

Most recent investigations into developing a digraph fault diagnostic strategy have been
carried out by Kelly and Bartlett [69,70]. The method developed uses digraphs to diagnose
single and multiple faults in systems from observed sensor deviations. A digraph model is
generated in which nodes representing system parameters are linked together with arcs that
indicate the relationships between the nodes. System diagnosis is performed by comparing
a set of sensor readings of actual behaviour to that expected in order to highlight any
deviations. Failures are then obtained by back-tracing through the digraph. The method
has been successfully applied to a fuel rig system. Investigations have yet to consider system
redundancy and the possibility of improving results by increasing the number of sensors

used in the analysis in order to ‘home in’ on more probable failures.
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2.7 Summary of Model-Based Diagnostic Systems

e Model-based reasoning is a deductive process that uses a model of system behaviour
to indicate how it should be working. Information regarding the system is obtained

from the knowledge base for use in developing the model.

e The model of system behaviour is created and compared with that actually observed
to highlight any abnormal activities. Any difference between the two indicates that
the system has deviated from its normal mode of operation, implying that a failure

of some kind has occurred.
¢ In some cases models can be automatically generated for fault detection.

o A model-based method can take into consideration what is occurring in the system

as a whole rather than just through one test.

¢ The deviations obtained can provide a starting point as to the location and diagnosis

of the failure.

2.8 Advantages of Model-Based Diagnostic Systems

e Information for a model can be supplied from the knowledge base built up from the
system design or modified from existing data, therefore making the model easy and
efficient to build.

e Model-based techniques use what is expected out of the system during its normal
operation. It therefore utilises knowledge of the overall system in order to find out

any deviations.

2.9 Disadvantages of Model-Based Diagnostic Systems

e Models are dependent on the data available from the system knowledge base and
description. However, this information has become more accessible through the use
of computers in the system development and during the design and manufacturing

process stages.

¢ The model would have to be updated in the event of a modification in the system.
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e In the majority of cases a model will not be able to be reused on a new system.

o There will always be minor discrepancies between the model and the physical system

being diagnosed, although most of these will not cause any large effect on the results.

o It may be difficult to provide coverage of all types of fault within a system, but this

will be dependent upon the structure.
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Fault Tree Methods

3.1 Introduction

However reliable a system is made it is likely to experience a failure of some kind during its
life cycle. FTA is a deductive or ‘backward’ analysis technique that uses a ‘what can cause
this’ approach in order to identify the causes of a system failure mode. The technique is
widely used in the safety and reliability assessment of systems. The main objectives in the
analysis procedure are to determine the possible causes of a specified system failure mode

and then assess if the risk of failure is small enough to achieve an acceptable level of safety.

A system can be comprised of numerous components, each of which will at some point play
a key part in its function. These components may also experience failure. A fault tree can
symbolically represent the potential component failure events or events performed by an
operator that could result in a particular system failure mode. This system failure mode
is the ‘TOP event’, located at the top of the fault tree diagram, with branches below it
leading to the possible causes of this undesired event. The probability for the occurrence of
the TOP event may then be calculated if the probabilities for the component failure events
are known. There may be more than one failure mode in a system, therefore a fault tree

would need to be drawn for each.
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3.2 Fault Tree Background

The first significant research into the reliability of systems was brought about by the aircraft
industry wanting to improve the reliability of planes after the First World War. Initial
investigations used trial and error techniques. Later developments were able to make use of
data collected in order to make improvements and develop the reliability techniques used

today.

The FTA concept was first introduced by H. Watson at Bell Telephone Laboratories in
the early 1960s for use on the Minuteman missile system [71]. This was further developed
during the 1960s and 1970s and is now one of the most widely used reliability modelling
techniques.

3.3 Fault Tree Symbols

Fault tree diagrams are made up of ‘gates’ and ‘events’. The two main types of event are
intermediate and basic events. Each event in a fault tree is representative of an element of
a system that can change state. Gates allow or restrict the passage of fault logic up through
a fault tree, and indicate the causal relationships between the events that eventually lead

to the occurrence of the top event.

Basic events in a fault tree are those where the limit of resolution has been reached, therefore
the branch does not need to be developed any further. A basic event is depicted using a
circle as shown in Table 3.1. Data for these events can used to formulate probabilities
for the quantitative analysis of the fault tree. Another type of event is the house event,
represented by a house symbol. These have probabilities of either 0 or 1, therefore can
be used to turn parts of fault trees on and off in order to model two state events that do
or do not occur. Intermediate events are represented in the fault trees using rectangles.
This type of event can be further developed by a logic gate to other lower resolution events

depending on causal relations. All event symbols are shown in Table 3.1.

The transfer in and out symbols are used to indicate the development of that particular
part of the fault tree somewhere else in the diagram or on another page. This enables large

fault trees to be broken down into sub-trees.
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Event Symbol Event Name and Meaning

C) Basic Event
Q House Event

|:::| Intermediate Event (developed further by a gate)

if it Transfer In and Out Symbols

Table 3.1: Event symbols in fault trees

A ‘gate’ is a logical operator that allows or restricts the passage of logic through a tree. The
main types of gate in FTA are ‘AND’, ‘OR’ and ‘NOT", shown in Table 3.2. These are used
to combine events in the same way as the Boolean operators ‘Intersection’, ‘Union’ and
‘Complementation’ respectively. The ‘VOTE’ gate is another example gate. This allows
the output event to occur if at least & inputs out of n occur and can reduce the overall size
of the fault tree.

Gate Symbol | Gate Name Casual Relation
AND The output event occurs if all of the input events
occur. The number of inputs are > 2.
OR The output event occurs if at least one of the input
events occurs. The number of inputs are > 2.
NOT The output event occurs if the input event does not
Occur.
kin The output event occurs if at least k of the n input
VOTE events occur. The number of inputs are > 3.

Table 3.2: Main gate symbols in fault trees
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3.4 Fault Tree Construction

The first step in the construction of a fault tree once information about components in the
system has been gathered is to identify the system failure mode. If there can be more than
one failure mode in a system then fault trees must be constructed for each. The specific
system failure mode or ‘top event’ of the fault tree is defined and developed using branches
leading to intermediate events. These intermediate events are redefined in terms of lower

resolution events until all of the branches have been terminated by a basic event.

No water ot of

valve
Q «———— OR Gate
!

VYalve failg No water
closed available at +——— Intermediate Event
valve

O

| |

Water cannot No water
pass through available
pipe
’L;]—'q—— AND Gate
Pipe is Pipe is No water from Tank
blocked fractured the main ruptured
supply

Figure 3.1: An example fault tree structure for the top event ‘No water out of valve’

An example fault tree structure is shown in Figure 3.1 for the top event ‘No water out
of valve’ for a simple system containing a tank, valve, pipe and water supply. The causal
relationships in this fault tree are represented by three OR gates and an AND gate. The
top event can occur either because the ‘valve fails closed’, resulting in a basic event, or
because there is no water available at the valve, which is an intermediate event that can be
developed further. Water may not be available because either it cannot pass through the
pipe, or there is no water available to be drawn from the tank. ‘Water cannot pass through
the pipe’ could be caused by the pipe being fractured or blocked. These are basic events
that terminate the logical development. Finally, water may not be available because the
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tank has ruptured, AND there is no water available from an alternative main supply, which

feeds the system.

There are two types of fault trees that can be constructed for analysis; coherent and non-
coherent. A coherent fault tree is constructed from AND and OR logic, therefore only
considers basic component failure events. A non-coherent fault tree expands this allowing
the use of NOT logie, therefore the existence of both component failure and success events

are taken into account.

Two types of analysis can be performed once a fault tree diagram has been constructed,
these being ‘qualitative’ and ‘quantitative’. Qualitative analysis is used to find all the
possible causes of system failure by obtaining the basic component failure events that could
contribute to the occurrence of the top event. Quantitative analysis is used to predict a
system’s failure parameters relating to both the availability and reliability in terms of the

basic event failure probabilities.

3.5 AQualitative Analysis

3.5.1 Obtaining Minimal Cut Sets of Coherent Fault Trees

Qualitative analysis of a coherent fault tree can be used to logically express a system failure
mode in terms of its basic component failure events. A potential cause of system failure
can consist of an individual component failure event or a combination of failures. These

can be defined as a ‘cut set’:

A cut set is a list of component failures such that if they all occur then the top event also

oCccurs.

Large systems tend to be very complex, so in general they will produce a very large number
of cut sets. Some of these, however, may contain events that are not necessary to cause the
system failure mode. For example, the cut set {C,D} would cause system failure if both
basic events C and D were to occur. However, if there was another cut set {C}, then only
the occurrence of C would be required to cause system failure, and whether D has failed or

not would become irrelevant. This leads to the notion of a ‘minimal cut set’:

A minimal cut set is the smallest list of component failures such that if they all occur then

the top event also occurs.
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The order of a minimal cut set is the number of basic component failure events contained
within the set. In general the lower order minimal cut sets are more likely to contribute to
causing system failure. If two fault trees produce the same minimal cut sets then they are

‘logically equivalent’.
The top event, T, of a fault tree can be expressed in terms of its minimal cut sets:
T=C+Co+...+C,, (3.1)

where, C; (1 =1,...,n,) are the minimal cut sets for the top event and the ‘4’ represents
logical OR.

Each minimal cut set can be made up of one or more basic component failure events,

Therefore in general, a minimal cut set of order k£ can be expressed as:
C,':Xl.Xg R Xk, (32)

where, X; (i =1,..., k) are the basic component failure events and the °.’ is representative
of logical AND.

Consider the following logical expression for the top event, T,
T=A+B+C.D. (3.3)

There are three minimal cut sets obtained for this top event; two of order one, {A} and

{B}, and {C, D}, which represents a combination of two failures.

3.5.1.1 Boolean Laws of Algebra

Minimal cut sets of a fault tree can be obtained by converting the logical expression for
the top event, T, into its disjunctive normal or ‘minimal sum-of-products’ form [29]. This
can be calculated using either the ‘top-down’ or the ‘bottom-up’ approaches for fault tree

evaluation. These differ in where the expansion process is begun on a fault tree.

The approach most commonly used to obtain minimal cut sets is ‘top-down’. The process
begins at the top of the fault tree. This event is expanded by substituting in the Boolean

events that appear lower down the tree until the expression only contains basic events.

Another approach that can be used to obtain minimal cut sets is ‘bottom-up’. This approach
uses the same substitution, expansion and reduction methods as in ‘top-down’, but in this
case the process begins at the bottom of the fault tree and works up towards the top event.

Only equations containing basic events are substituted into each gate.
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Boolean laws of algebra are used to remove any redundancies from the expression so that

it ends up in its simplified minimal form. Note that AND is represented by the product

symbol ‘.” and OR by the summation sign ‘+-’. (These are also equivalent to the union and

intersection operations).

1. Commutative Laws:

2. Asgsociative Laws:

3. Distributive Laws:

4. Identities;

5. Idempotent Laws:

6. Absorption Laws:

A+B =
AB =

(A+B)+C =
(AB).C =

B+ A
B.A

A+(B+C)
A.(B.C)

AB+C) = AB+AC

A+(BC) = (A+B)(A+C)

A+l =
A+0 =
Al =
A0 =

A+A
AA

A+AB
A(A+B)

(3.4)
(3.5)

(3.6)
(3.7)

(3.8)
(3.9)

(3.10
(3.11
(3.12
(3.13

R e e

(3.14)
(3.15)

(3.16)
(3.17)
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7. Complementation:

A+A =1 (3.18)
AA =0 (3.19)
@) = A (3.20)
8. De Morgan’s Laws:
AB = (A+B) (3.21)
(AB) = A+B (3.22)

3.5.1.2 Example of Obtaining Minimal Cut Sets

The top-down approach is now illustrated using the fault tree in Figure 3.2.

TOP

)

G1 G2

G3 G4

)
- ; o¥o
A A
ONONORO

Figure 3.2: An example coherent fault tree

The process begins by starting at the top gate, ‘TOP’ in the fault tree. This is an OR gate
with two inputs - two gates G1 and G2.

The top event, TOP, can be expressed as:

TOP = G1 + G2. (3.23)
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Gates G1 and G2 can be written as:

Gl = F+G
G2 = G3.E.G4

These can be substituted into the top event from Equation 3.23:

TOP =F + G + G3.E.G4. (3.24)

Gates G3 and G4 can be written as:

G3 = G5+ G6,
G4 = A+B.

Therefore the top event, TOP in Equation 3.23 becomes:
TOP =F+ G + (G5 + G6) .E. (A + B). (3.25)

Gates G5 and GG6 can be written as:

G5 = B+,
G6 = A+C.

Substituting these into the top event gate in Equation 3.23 gives,
TOP=F+G+((B+C)+(A+C)).E.(A+B). (3.26)
Removing the brackets in the summations gives:
TOP=F+G+(B+C+A+C).E.(A+B). (3.27)
Expanding Equation 3.27 gives,
TOP=F+G+B.EA+CEA+AEA+CEA+BEB+C.EB+AEB+C.EB. (3.28)

Using the Idempotent Laws, A + A = A and A.A = A (Equations 3.14 and 3.15), the
expression for TOP can be simplified to:

TOP=F+G+BEA+4+CEA+EA+BE+CEB+AE.B. (3.29)
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Now, using the Associative Law, A.(B.C) = (A.B).C (Equation 3.7) and also the
Absorption Law, A + A.B = A (Equation 3.16) gives,

TOP=F +G+AE+BE. C (3.30)

This is the minimal disjunctive normal or ‘sum-of-products’ form. There are four minimal
cut sets obtained, two of order one and two of order two. These are {F}, {G}, {A, E}
and {B, E}.

3.5.2 Use of NOT Logic

The fundamental types of gate used in FTA are ‘AND’, ‘OR’ and ‘NOT’. A fault tree is
said to be non-coherent if NOT logic is used in the structure. A system failure mode in this
case can consist of individual basic component failure or working events, or a combination

of these events. These can be defined as an implicant set:

An implicant set is a list of component failures and working states such that if they all occur

then the top event also occurs.

A prime implicant set contains a list of events that are both sufficient and necessary to

cause the top event:

A prime implicant set is the smallest list of component failures and working states such that

if they all occur then the top event also occurs.

The use of NOT logic in fault trees for system quantification can increase the complexity of
the analysis and provide only a small amount of extra information about system behaviour.
Also, from a logical point of view, the implication is that a working component could
contribute to the cause of system failure, which is an irrational argument. A system could
be functioning but contain one or more component(s) that have failed. The argument is
that repairing this/these component(s) could cause the system to fail. There are therefore

a number of problems when using NOT logic in an analysis.

However, a system that can perform more than one task can benefit from the use of NOT
logic to include the working states of components, as shown in Andrews [72]. Its use is also
important in Event Tree Analysis [73] and since it provides a more complete description of
the causes of system failure it is expected to play an important role in the use of fault trees

for diagnostic purposes.
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3.5.3 Evaluating Prime Implicants of Non-Coherent Fault Trees
3.5.3.1 Obtaining Prime Implicants

The first step in evaluating a non-coherent fault tree is to identify its prime implicants.
These can be obtained by restructuring the fault tree using De Morgan’s Laws (see
Equations 3.21 and 3.22) so that any NOT logic is pushed down the tree resulting in

complemented basic events. Consider the non-coherent fault tree shown in Figure 3.3.

TOP

Gt G2

Figure 3.3: An example non-coherent fault tree

De Morgan’s Laws can be applied to gate G3 in Figure 3.3 to give, A+ B = A.B. The

equivalent fault tree obtained using De Morgan’s Laws is shown in Figure 3.4:

TOP

@ |

o ﬁaa
0.6 00

Figure 3.4: Equivalent non-coherent fault tree to that in Figure 3.3
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The top-down approach can now be applied to the fault tree in Figure 3.4. The top event

‘TOP’ can be expressed as:

TOP = G1 + G2.
Gates G1 and G2 can be re-written as:
Gl = G3.C (G3=4A.B)
Gl = AB.C
G2 = G4+G5H (G4 = A.D)
(G5 = E.F)

G2 = AD+EF.
Therefore, the top event TOP is:

TOP = AB.C+ A.D+E.F. (3.31)

Since this is in minimal form three prime implicant sets - {4, B,C}, {4, D} and {E, F} -
can be identified.

3.5.3.2 The Consensus Law

The expression for the top event given by Equation 3.31 has not, however, identified all of
the possible prime implicant sets for this example. The top event could also be caused by
component B not failing along with components C and D failing without considering the
state of component A. This therefore gives a fourth prime implicant for this example. The

additional possibility can be obtained using the Consensus Law:

XY+ XZ=XY+XZ+YZ. (3.32)

Applying the Consensus Law to the example in Figure 3.4, the first prime implicant in
the top event structure (see Equation 3.31) contains A and the second contains A. The
Consensus Law indicates that regardless of the state of A the top event could occur if
B.C.D occurs. Therefore the consensus of A.B.C+ A.D is B.C.D. The top event structure

in Equation 3.31 can now be written as:

TOP =AB.C+ AD+E.F+B.C.D. (3.33)

The Consensus Law should be applied to each pair of prime implicants containing a normal
and negated state for the same basic component. There are no other such cases in this
particular example. This law can be applied easily to small fault trees but application can

become very complex when dealing with large fault trees.
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3.5.3.3 The Coherent Approximation

Analysis of a non-coherent fault tree will in general produce more prime implicants than
the number of minimal cut sets identified for the equivalent coherent fault tree. Also, the
prime implicants obtained are normally of a higher order than for minimal cut sets as both
component failure and working states are taken into consideration. This therefore can make
the analysis of a non-coherent fault tree a more complex process and significantly heavy on

computer processing power.

In order to reduce the complexity of the problem a coherent approximation can be taken
during qualitative analysis of a system by assuming that any of the working states in the
prime implicants are true (so have a probability of one). Any working states from the
prime implicants can therefore be removed resulting in a list of cut sets. These can then be
minimised to give a list of the failure events that cause the top event. Therefore a coherent

approximation can be obtained for the top event in the example in Figure 3.4:

TOP = ABC+AD+EF+ B.C.D,
TOP ~ C+AD+EF+C.D, (removing working states)
TOP ~ C+AD+E.F. (minimising)

Three minimal cut sets are obtained from the analysis after taking the coherent
approximation and using Boolean reduction: {C}, {A, D} and {E,F}. These are the
potential causes of failure for the top event. In large fault trees the usage of the coherent

approximation reduces the logic expression.

Notice that in performing the coherent approximation the extra term identified from the
Consensus Law disappears from the analysis once Boolean reduction has taken place on the
cut sets. Only the component failure events obtained from the top event will be required
for the purpose of this study. Therefore the Consensus Law will not be used in any further

work carried out.

3.6 Quantitative Analysis

Quantitative analysis is used to predict a systems failure parameters relating to both the
availability and reliability in terms of the basic event failure probabilities, The probability
and frequency for a top event is used along with the analysis of component or minimal cut

set importance in order to gain a greater understanding of the system.
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The original methodology for fault tree quantification is Kinetic Tree Theory developed by
Vesely [74]. It allows time-dependent analysis in system evaluation and plays a key part
in many of the commercial FTA packages. There are however a number of limitations in
Kinetic Tree Theory resulting in the use of approximations in the analysis of top event

quantification.

3.6.1 Maintenance Policies

The way a component is maintained can have a significant impact on its unavailability.
Three different types of maintenance policy - no repair, unscheduled maintenance and

scheduled maintenance - are discussed in the following sections.

3.6.1.1 No Repair

In this case repairs cannot be carried out and once a component is failed it will remain so.
This type of situation is appropriate for remote controlled systems such as satellites, and

on ‘one-shot’ machines, for example spacecraft.

For constant failure rate devices the system unavailability, Qsys(t) is defined as:
st,g(t) = F(t) =]1-— e_)‘t, (334)

where ) is the conditional failure rate (the probability that a component fails per unit time
“at t given that it was working at time ¢ and at ¢ = 0). As time ¢ increases the system

unavailability tends to 1 (t—00, Qsys(t)—1).

3.6.1.2 TUnscheduled Maintenance

Repairs in this case are carried out as soon as a failure is detected in the system.
Unscheduled maintenance is used for components that are continuously being monitored
or on systems where a failure will become apparent because it causes a noticeable change
in how the system is functioning. The time to repair a failure in this case does not include

detection time.

For constant failure and repair rate devices,

Qsys(t) = 3\%(1 — =ty (3.35)
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For unscheduled maintenance, as t—oc0, Qsys(t)—=525.

3.6.1.3 Scheduled Maintenance

Maintenance or inspection takes place at fixed, scheduled time intervals. This type of
maintenance is used in standby systems or safety protection systems that are not operated
all the time. A failure in the system will not become apparent until a maintenance inspection
is carrted out. The time a system is shut down during scheduled maintenance will be
dependent upon whether any failures are detected and if so how much time is required to

repair it.
The unavailability of the system is:
Qsys(t) =1 — e~ =(=1F] (3.36)

where, (n — 1)8 <t < nf, 8 is the inspection interval and n = 1,2,..., is the number of

inspections. The system is inspected at intervals of # time units.

The average unavailability is:
7
Qav = A (5 + 7') , (3.37)

where the inspection period is usually greater than the mean repair time, 8 >> .

3.6.2 Top Event Probability

The probability of the top event, T, is also known as the system unavailability, Qgsys(%).
There are several methods that can be used to calculate the top event probability of a fault
tree. These include the Structure Function Method [29], Shannon’s Theorem [75] and the
Inclusion-Exclusion Expansion Principle. The inclusion-exclusion expansion principle will
be described here.

3.6.2.1 The Inclusion-Exclusion Expansion Principle

The inclusion-exclusion expansion principle is the method utilised for calculating the top
event probability. This approach may be used on fault trees that contain repeated events
and can be directly obtained from the minimal cut sets. The top event in a fault tree will

oceur if at least one of the minimal cut sets exist.
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Consider a fault tree that has n, minimal cut sets C;, where ¢ = 1,...,n.. The top event,

T, in the fault tree occurs if at least one minimal cut set occurs. Therefore:

T=C+Ca+...4Cpn,
e 3.38
T={]Jc: (3.38)

Therefore using Equation 3.38 the top event probability is:

P(T)=P(Ci+Co+...+Cy) = (UC) Qsys(t). (3.39)
Expanding this result gives the inclusion-exclusion expansion:
e ne i—1
=Y PC)=-D D PCiNC)+...+ (=) 'P(C1NC2N...NCy,).  (3.40)
= 1=2 j=1

If this expansion is evaluated fully it will give the exact probability of the top event.

For example, consider the following top event, TOP, constructed from four components
a,b,c,d:

TOP = a.b,+ a.c + cd, (3.41)
&) Ca o

where, C1, Cy and Cj are minimal cut sets. The top event, TOP, is given in Equation 3.41.

The probability of the top event occurring can be written as:

Qsys(t) = P(TOP) = P(a.b + a.c 4 c.d). (3.42)

Using the inclusion-exclusion expansion in Equation 3.40 and letting ¢, = ¢, = g. = g4 =

0.1, gives:

Qsys(t) = [P(ab)+ P(a c) + P(c.d)] - [P(a.b.c) + P(a.b.c.d) + Pa.c.d)]
FlrstTerm Second’I‘erm

+ [P(a.b.c.d)],
S —
ThirdTerm
= [gaQb + Galc + 9ea] — [G2Gb% + Ga@bcqd + Fa9cqa] + [22gb3cqa) »

= [0.01 +0.01 4+ 0.01] — [0.001 + 0.0001 + 0.001] -+ 0.0001,
= 0.03 — 0.0021 + 0.0001, (3.43)
= 0.028.

Even though the inclusion-exclusion expansion yields an exact result for the system

unavailability, evaluating each term can be very computationally intensive. The example
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shown contains only three minimal cut sets. Larger examples could have hundreds or
thousands of minimal cut sets. This would make the evaluation of the inclusion-exclusion
expansion very heavy on computer processing power, even with the capability of the fastest
of modern day computers. Therefore, although an accurate result is obtained, evaluation

of the full expansion is often impractical, so an approximation is required.

All terms in the expansion play a part in the convergence to the exact probability. However,
as can be seen from the last but one line of Equation 3.43 each term is less significant
than the one before it. The method adds odd numbered terms and subtracts even ones.
Therefore, if the expansion is truncated on an odd number of terms an upper bound for the

top event probability will be obtained, and on an even number will provide a lower bound.

3.6.2.2 Approximation Methods

There are three main approximation methods for calculating the top event probability: the

lower bound, the rare event upper bound and the minimal cut set upper bound.

3.6.2.2.1 The Lower Bound

A lower bound, Qrp, for the top event probability is obtained if the inclusion-exclusion
expansion is terminated after an even number of terms. For example, using the first two

terms gives:
Ne i—1

iP(C‘,—) - ZZP(Cz'an) < Qsys(t). (3.44)

QL

]

3.6.2.2.2 The Rare Event Upper Bound

The rare event upper bound, ¢ gg, for the top event probability contains just the first term
of the inclusion-exclusion expansion. This is also known as the Rare Event Approximation

because it is accurate if the component failure events are rare.

Qevslt) < 3 P(C). (3.45)

QRE

Note also that an odd number of terms in a bound will always result in an upper bound.
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Therefore, the upper and lower bounds for Qsys(t) are:

ne ne i—1 e
> P(C) =)D PCiNGy) < Qsys(t)< Y P(Cy). (3.46)
i=1 1=2 j=1 i=1

QLB QRE

3.6.2.23 The Minimal Cut Set Upper Bound

The minimal cut set upper bound, @Qarcsv, is a more accurate upper bound to the exact

solution. The top event will occur if at least one minimal cut set occurs. Therefore,

P(T) = P(At least one minimal cut set occurs)

= 1 - P{No minimal cut set occurs). (3.47)
In view of the fact that:

P(No minimal cut set occurs) = P(C,.Cs.....Cy.),

e

> H P(Minimal cut set 7 does not occur).
i=1

(Equality occurs when all the minimal cut sets are independent).

The expression for P(T') in Equation 3.47 can now be written as:

e
P(T) < 1-— H P(Minimal cut set ¢ does not occur).
i=1

Therefore, the minimal cut set upper bound, Qucsu, is:

Ne

Qsvs(T) < 1-JJ(1-P(Cy). (3.48)

i=1
A% o’
o

Qmesy
3.6.2.2.4 Relationships to the Exact Top Event Probability

The following expression illustrates the relationship between Qsyg(t) and its approximations.

e ne i-1 e

Y P(C)-> Y P(CiNC)) < Qsyslt <1—HP1— (C)< D P(C).

i=1 1=2 j=1 Q i=1

. ~ EXACT - - -’ ~ o
Qis Qumosv QrE
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3.7 Importance Measures

The contribution made by a component or minimal cut set to cause the top event is defined
as its importance [29]. The importance analysis of a system is a sensitivity study that can

identify weak areas, which is especially useful at the design stage.

Fault tree quantification using a measure of importance can be carried out if there is data
known for the components. An importance measure will assign each component or minimal
cut set with a numerical value from 0 to 1, where a 1 indicates the highest contribution to

failure and 0 no contribution at all.

Importance measures can either be deterministic or probabilistic. Probabilistic measures
can be broken down again into those that can be used in system availability (the fraction of
the total time that a system (or component) is able to perform its required function)
assessment and those in system reliability (the probability that a system will operate

without a failure for a stated period of time under specified conditions) assessment.

3.7.1 Deterministic Measures

Deterministic measures can be used to assess the importance of a component to a system
without taking into consideration the probability of occurrence of the component. An
example of such a measure is the structural measure of importance. More details about

this measure are given in Andrews and Moss [29)].

3.7.2 Probabilistic Measures

Probabilistic measures of importance are in general of more use than deterministic measures
when assessing practical reliability problems. These measures take into consideration the
component failure probabilities and intensities, therefore providing more information about

a system and its components.

Two examples of measures concerned with system unavailability used for assessing minimal
cut set importance are the Fussell- Vesely Measure of Minimal Cut Set Importance and the
Fussell-Vesely Measure of Component Importance. Again, more details about these and

other probabilistic measures can be found in Andrews and Moss [29)].
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3.7.2.1 Fussell-Vesely Measure of Minimal Cut Set Importance

The Fussell-Vesely measure of minimal cut set importance, Ig,, ranks the minimal cut sets
rather than the components and is defined as the probability of occurrence of cut set C;

(P(C;)) given that the system has failed. This measure of importance can be expressed as:

___P(G)
o = Qavs®) (3.49)

For example, if the minimal cut sets of the system are {a, b} and {c} then the corresponding
importance is:

dadb
Io, = , 3.50
® Gl + G — Gl (3:50)

and,
4c

T ay + G — GaGble

Ic, (3.51)

The advantages of using measures of importance are that it will enable the most likely
cause of failure to be determined depending upon component unavailability in the event
that there is more than one possible outcome. This will allow investigations to commence
in the area with the most probable cause rather than having to go through each possible

outcome to see if that is the failure.

3.7.2.2 Fussell-Vesely Measure of Component Importance

The Fussell-Vesely measure of importance, I;, is defined as the probability of the union of
the minimal cut sets containing i, given that the system has failed.
+ _ PUigee, O
Qsvs(g(t))
The results obtained by this importance measure are very similar to the rankings given by

the criticality measure of component importance [29].

Using the same example as for the Fussell-Vesely Measure of Cut Set Importance in

Section 3.7.2.1 gives:

Tatb
Ion = , 3.52
© T Gado + do — Gable (3:52)
Jadb
= , 3.53
C b T % — GaGbqe ( )
and, .
9
Ic, (3.54)

T Galh + % — Ganlc
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3.8 Summary

e The fault tree method enables possible causes of a system failure mode to be presented

in a failure logic diagram.

e There are two types of fault trees that can be constructed for analysis; coherent and

non-coherent.

1. A coherent fault tree is constructed from AND and OR logic, therefore only

considers basic component failure events.

2. A non-coherent fault tree expands on the coherent fault tree construction by
allowing the use of NOT logic, therefore the existence of both basic component

failure and success events are taken into account.

e Two types of analysis can be performed once a fault tree diagram has been

constructed, these being ‘qualitative’ and ‘quantitative’.

1. Qualitative analysis is used to find all the possible causes of system failure by
obtaining the basic component failure and success events that could contribute

to the occurrence of the top event in the fault tree.

2. Quantitative analysis is used to predict a system’s failure parameters relating
to both the availability and reliability in terms of the basic event failure

probabilities.

e Measures of importance can be used to determine the most likely cause of system

failure should there be more than one possibility.

3.9 Reasons for Further Research into a Model-Based
Strategy Incorporating FTA
The following are a list of reasons why an approach that utilises the strengths of a model-

based strategy incorporating FTA to perform fault diagnosis forms the basis for the research

conducted in this project.

e Systems usually contain sensors and faults give out symptoms. A physical system

can be used to develop a model of behaviour through the information from the sensor
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readings as described in Chapter 2, Expected behaviour can be determined along

with possible deviations, which can be investigated further.

e Potential muitiple failure locations could be identified through a model-based
technique using the sensor readings within the system. Deviated readings from the

sensors could potentially indicate a number of different faults.

e Fault trees can be drawn for each system failure mode as indicated within this
Chapter. A system failure mode is identified through determining the reading from
each sensor located within the system. A failure logic diagram can be drawn for each
deviated reading. These can then be used to indicate the overall system status or

‘scenario’.

o The fault tree logic is such that it would enable multiple failures (through the use
of the AND gate) to be identified within a system when analysis is performed for a

given scenario.

e The use of non-coherent fault trees, i.e. those that contain AND, OR and NOT
logic may enable the successful component behaviour in the system to be taken into
consideration. Any potential causes of failure that conflict with those working as

expected could then be removed.

e There may be potential to use the information from sensors that are reading true to
the system operating mode. These could be included by using success trees for those

that are working as required.

e A check of consistency of results obtained against those parts of the system that are
working is often not present in the methods reviewed. This check would potentially

allow the non-deviated sensor readings to be included in the analysis.
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Chapter 4

Application of Fault Tree Analysis for
Fault Detection

4.1 Introduction

It is possible that system failures are not the result of one single fault. Therefore the ability
to diagnose multiple faults is important in a successful fault detection system. This chapter
introduces four fault tree based schemes for detecting faults or combirations of faults and
discusses the efficiency of each method [76,77]. The schemes described are applied to a

simple water tank level control system to demonstrate their features.

4.2 The Simple Water Tank Level Control System

The simple water tank system is illustrated in Figure 4.1. It aims to maintain the level of
water between two pre-determined limits. In the normal operating mode water flows out
of the system through valve V2. The level control system monitors when water is flowing
from the tank and then refills it from the main supply by opening valve V1 until the desired
tank level is reached. If the amount of water in the tank reaches an undesired high level
the control system will open the safety outlet valve V3 allowing the water an alternative
route out of the tank. The overspill tray, located underneath the tank collects any spillages

that may occur due to a failure in the system.
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Figure 4.1: Water tank system
4.2.1 System Component Description

The water tank system shown in Figure 4.1 consists of three valves labelled V1, V2 and
V3, two level sensors represented by S1 and S2, two controllers C1 and C2, and an overspill
tray denoted TRAY. There are six sections of pipes identified by the labels P1 to P6.

V1 is an air-to-open (A/O) inlet valve controlled by Cl. The level sensor S1 detects the
height of the water in the tank. In the normal operating mode if the water in the tank falls
below the required level (as indicated by the sensor S1), the controller C1 opens valve V1
allowing water into the tank. Conversely, if the water in the tank rises to the required level
then C1 closes V1.

V2 is a manual (MAN) valve, controlled by an operator in response to demand. Finally
valve V3 is an air-to-close valve {A/C) that operates as a safety valve controlled by C2.
Normally this will only become operational when a component failure occurs that causes
a very high level of water in the tank. A signal from S2 would cause the controller C2 to

open valve V3 to reduce the level of water in the tank.
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The overspill tray located beneath the tank collects water if the tank has ruptured, if water
has leaked out through a crack or hole, or if the water level overflows from the top of the
tank.

4,2.2 System Operating Modes
4.2.2.1 Volume Flow Rate and Overspill Tray Sensor Locations

The status of the system is determined using measurements provided by flow sensors
situated next to each of the three valves in the system. The sensors are denoted by VF1,
V2 and VF3 for locations at V1, V2 and V3 respectively. These each detect the presence
or absence of flow of water, which can be denoted as flow ‘F’, or no flow ‘NF’. Initially to
develop the features of each method it is assumed that these sensors are perfectly reliable.
A fourth sensor denoted by SP1 is located in the overspill tray (TRAY) to indicate if any
water has escaped from the tank. Its reading is interpreted as water ‘W', or no water ‘NW’.
All these sensor locations are called the system observation points. 16 different potential
scenarios are evident for the system and are listed in Table 4.1. In the early stages of
analysis it was sufficient to investigate the four fault tree based diagnostic techniques using

just these sensors.

Scenario V1 V2 V3 TRAY Scenario V1 V2 V3 TRAY
1 F F F w 9 NF F F W
2 F F F NW 10 NF F F NW
3 F F NF W 11 NF F NF w
4 F F NF NW 12 NF F F NwW
5 F NF F w 13 NF NF F w
6 F NF F NwW 14 NF NF NF NwW
7 F NF NF w 15 NF NF NF W
8 F NF NF NW 16 NF NF NF NwW

Table 4.1: System scenarios

4.2.2.2 System Operating Assumptions

A number of assumptions have been made regarding the operation of the system:

e The system is always initialised with the required level of water in the tank.

e In the ACTIVE operating mode it can be assumed that the flow rate into the tank
through V1 has the capability to be the same as the flow out at V2 (which varies
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depending on the height of water in the tank). Therefore the required water level in
the tank can always be maintained when water is being drawn out of the system in

this way.

¢ The areas of pipes P5 and P6 are larger than those of the other pipes in the system
so that water can be drained quickly from the tank in the event of the level rising too
high. Flow out of V3 therefore has the potential to be greater than flow in at V1.

e When a ‘rupture’ occurs in the tank (TR) this indicates that the liquid flow through
the rupture will be greater than the maximum flow into the tank through valve V1.
Therefore replenishment is not possible. It is assumed that a rupture can only occur
in the bottom of the tank.

¢ Maximum flow into the tank through valve V1 will be greater than flow out through a
‘leak’ in the system (TL). A leak out of the system is also smaller than the maximum
flow out at V2. For simplicity it is initially assumed that a leak will occur at the
bottom of the tank.

4.2.2.3 ACTIVE and DORMANT Operating Modes

The system has two operating modes; these being ‘ACTIVE’ when the operator opens valve
V2, or ‘DORMANT’ when V2 is closed. In the ACTIVE operating mode water is taken
out of the system through valve V2 and the tank is refilled by water coming in through
valve V1 from the main water supply. Water would not exit the system through valve V3
and there would be no water in the overspill tray. The sensor readings for the system when
ACTIVE should be those given in scenario 4, Table 4.1, In the DORMANT operating
mode the system is effectively on standby with all three valves remaining closed and the

overspill tray empty. This should yield the sensor readings given in scenario 16, Table 4.1.

The expected sensor readings are those that, under steady-state conditions, represent the
model of how the system should behave when ACTIVE and DORMANT respectively. Given
that the system is in either the ACTIVE or DORMANT state any sensor readings that
deviate from those expected are regarded as being indicative of some fault or faults within

the system.
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4,2.2.4 Possible Component Failures

In order to apply FTA to a system the faults that could occur for each of the system
components need to be defined. Table 4.2 contains a list of possible component failures and

their corresponding code.

System diagnosis is required in both the ACTIVE and DORMANT operating modes.
Therefore these must also be represented in the fault trees, ACTIVE signifies the operator
has attempted to open valve V2. DORMANT is used to indicate that the operator has

tried to close V2. It should be noted that this is a two mode system and so only one of the
variables ACTIVE or DORMANT can be true at any time.

Code Compenent Failure Code Component Failure

PiB (1<i<86) - Pipe Pi is Blocked CiFH (1<i<2) - Controller Ci Fails High

PiF (1<i<6) - Pipe Pi is Fractured CiFL(1£i<2) - Controller Ci Fails Low

ViFC (1 <€i<3) - Valve Vi Fails Closed TR - Tank Ruptured
ViFO(1<i<3) - Valve Vi Fails Open TL - Tank Leaks

SiIFH (1£{<2) - Sensor Si Fails High NWMS - No Water from the Main Supply
SiFL{1<i<2) - Sensor Si Fails Low

Table 4.2: Potential component failures

It has been assumed that a component can only be failed in one state at a time during the
analysis, so for example pipe P1 being blocked and fractured at the same time (P1B.P1F)

is an invalid result. This is similar for the valves, sensors, controllers and the tank.

A blockage in pipes P1 and P2 will stop flow into the system and in pipes P3 to P6 will
cause no flow out. A fracture in pipe P1 will result in no flow into the system, but in P2
there will be flow in, and similarly a fracture in P4 or P6 will still result in flow out of the
system. Finally, a fracture in P3 or P5 will cause flow out of the system, but this flow will

not be registered on the volume flow rate sensors VF2 and VF3 respectively.

4.3 Sensor Deviation Models

In the application of FTA to system fault diagnostics a series of failure logic diagrams are
produced representing the causes of any sensor readings at the observation points. These
are developed in a fault tree in terms of the just component failure (coherent) and both
component failure and success (non-coherent) conditions of the system operating state. The

list of all possible sensor readings for the system is shown in Table 4.3.
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Abbreviation Sensor Readings Abbreviation Sensor Readings

FTV1 - Flow Through Valve V1 NFTV1 - No Flow Through Valve V1
FTV2 -  Flow Through Valve V2 NFTV2 - No Flow Through Valve V2
FTV3 - Flow Through Valve V3 WOST - Water in the Overspill Tray

Table 4.3: Sensor readings

Two other possible sensor readings for the system are ‘no flow through valve V3’ and ‘no
water in the overspill tray’. However these sensor readings would occur under normal
operational conditions (i.e. without any failures occurring) in both the ACTIVE and the
DORMANT operating modes.

4.3.1 Fault Tree Construction

Fault trees for the water tank system were initially constructed by hand for each of the
sensor readings listed in Table 4.3. FaultTree+ is a fault tree software package that enables
the user to construct and analyse fault tree diagrams [78]. The fault trees developed by
hand were later verified by inputting them into FaultTree+ and checking the outcomes
expected with those give from the software package. The construction of the coherent and
non-coherent fault trees for the sensor reading NFTV2 is now described in Sections 4.3.1.1

and 4.3.1.2 respectively.

4.3.1.1 Coherent Fault Trees
4.3.1.1.1 No Flow Through Valve V2

The sensor reading ‘No flow through valve V2’ (NFTV2) is presented in the coherent fault
tree in Figures 4.2 and 4.3. Referring to the water tank system illustrated in Figure 4.1
NFTV2 can occur either because V2 is closed or if there is no water available at V2. The
valve could have failed closed (V2FC) or the system may be in a no flow phase and therefore
in the DORMANT operating mode, represented by a house event, (DORMANT). This can

be turned ‘on’ and ‘off’ (set to true or false) depending on the operational status.

Water may not be available at V2 either due to a problem stopping the flow out of the
tank, or because there is no water in the tank. Flow could be restricted out of the tank due
to a blockage in pipes P3 or P4 (P3B, P4B), or a fracture in P3 (P3F). No flow through V2
may also be caused by no flow out at valve V1 once the level of water in the tank becomes
empty. This can be caused by a blockage in pipes P1 or P2 (P1B, P2B), a fracture in P1

65



Application of Foult Tree Analysis for Foult Detection Sensor Deviation Models

(P1F) or no water from the main supply (NWMS). Additionally a failure in the V1 control
loop could occur: V1 failing closed (V1FC), C1 failing high (C1FH) or S1 reading a high
water level (S1FH)).

NFTV2 could also have been caused by there being a flow out at valve V3 that has drained
the tank. However, if there is no water in the tank for this reason then there would also be
no flow at V3 indicated at the VF3 sensor. If there is enough water to flow out at V3 then
there will also be flow out at V2. Hence this potential cause would never become apparent.

The failures that could cause flow out at V3 are therefore not included in this fault tree.

No Flow
Through Valve
V2

A

| |

Valve V2 is No Water
Closed Available at V2

A

Valve Y2 Fails | [No Flow Phase Pipe P3 is Blocked No Wyater in the

Ctosed Through Valve or Fractured, of Tank
V2 Pipe P4 is Blocked

@ A

Pipe P3 is Pipe P4 ig
Blocked or Blocked
Fractured

P4B

Pipe P3 is Pipe P3 is
Blocked Fractured

Figure 4.2: Coherent fault tree for no flow through valve V2

In total there are 13 possible causes of there being no flow at V2, and each of these are of
single order. One of the results is a no flow phase through valve V2 (when the system is
DORMANT) resulting in a non-failure. The remaining 12 are potential causes of failure
for ‘no flow through valve V2’, and are listed in Table 4.4.
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Figure 4.3: Coherent fault tree for no flow through valve V2 - transfer 1

Number

Potential Cause

1)
2)
3)
4)
5)
6)

V2FC
P3B
P3F
P4B
TR
VIFC

Number Potential Cause
7y ClFH
8) SIFH
9) Pi1B
10) PIF
11} P2B
12) NWMS

Table 4.4: Potential causes of no flow through valve V2

67



Application of Foult Tree Analysis for Foult Detection Sensor Deviation Models

4.3.1.1.2 Summary of Coherent Fault Trees

The coherent fault trees for the remaining sensor readings are shown in Appendix A. ‘Flow
through valve V1’, shown in Figures A.1 and A.2 can occur either because the valve has
spuriously opened, or if the level of water is lower than that required {as indicated by sensor
S1 in the tank). This can be as a result of flow through valve V2 or V3, through the tank
or via a pipe. There are 12 potential causes of failure for this reading, each of first order.
The only possible potential cause of failure for ‘low through valve V2’ is that this valve
has failed open (V2FQ). The other possibility shown in the fault tree in Figure A.3 is that
the system is in a flow phase and is therefore in the ACTIVE operating mode, represented
by the house event ‘ACTIVE'. ‘Flow through valve V3’, shown in Figures A.4 to A.5 can
occur either because the safety valve has spuriously opened, or if the water level is higher
than required (as indicated by sensor 52 in the tank). A high level of water in the tank
could be caused by flow in at V1 and no flow out at V2. If the system is ACTIVE then 15
potential causes of failure are obtained, 3 of single order and 9 second order. There are 6
potential causes if the system is in the DORMANT mode, all of first order.

The coherent fault tree for ‘no flow through valve V1’ (NFTV1) is shown in Figures A.6
and A.7. NFTVI can occur either because there is no water available at V1 or if there is
no flow out of the system at V2. Water may not be able to pass through V1 either because
there is a problem restricting the flow, or because there is no water available. No flow out
of the system at valve V2 would be the result of either the system being in the DORMANT
operating mode or a failure causing V2 to remain closed. There are 10 possibilities in this
case when the system is ACTIVE, all of order 1. Finally, ‘water in the overspill tray’ can
occur either through a problem with the actual tank itself or because the level of water
in the tank is high enough to spill over the sides, as illustrated in Figures A.8 to A.ll.
Problems with the water tank could have been caused either by a rupture resulting in a
catastrophic system failure or due to a leak.- A high level of water in the tank would be
caused by flow into the system and no flow out of the system. There are 74 potential
causes of failure when the system is ACTIVE, 2 of single order and 72 of order 3. In the
DORMANT operating mode there are 20; 2 of order 1 and 18 of order 2.

4.3.1.2 Non-Coherent Fault Trees

The information described by the coherent fault trees in Section 4.3.1.1 can now be

expanded to include everything in the system that is known not to have failed. The non-
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coherent fault trees show that the introduction of NOT logic significantly increases the

amount of information known about the system behaviour.

4.3.1.2.1 No Flow Through Valve V2

Causes of the sensor reading ‘no flow through valve V2’ (NFTV2) are presented in the
non-coherent fault tree in Figures 4.4 to 4.7.

Ho Flow
Through Valva
V2
The Systam is The Systam &
DORMANT ACTVE
He Flow Phase HOT Flom Valve VI Does Flowe Phasa HOT Ko Flow Hs Watar

Through Vilve | |Phasa Through | |[NOT Fall Opan | | Through Vaiva | |[Phass Through Available at
Vave v V2 Vatva V2 Vilea W2

& © e e

‘Water Cannot o Water

Pam Thiough Avallable inthe

Pipes P3 or P4 Tank
‘Watat Cannet Failura In the
Pass into the Tank

Sptem

A

Tank Ruptuied Tank s NOT
Laskdng

® ©

Figure 4.4: Non-Coherent fault tree for NFTV2

NFTV2 can be the result of there being a no flow phase at V2, so the system is in the
DORMANT operating mode. In this case the system is not ACTIVE (ACTIVE) and V2
cannot have failed open (V2FO) (a bar over the basic event means ‘NOT that event’). If
the system is ACTIVE then this can be caused by no water being available at the valve.
Therefore either water cannot pass through pipes P3 or P4, or there is no water available

in the tank.

Water may not be available in the tank either because the water cannot pass into the
system, or because of a rupture in the tank. If the tank has ruptured (TR) then it is not
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leaking (TL).

‘Water cannot pass through pipes P3 or P4’, shown in Figure 4.5, can be caused by valve
V2 failing closed (V2FC) and not open (V2FO), by a blockage in either of the two pipes
(P3B, P4B}, or a fracture in P3 (P3F). If pipe P3 is blocked then it cannot be fractured
(P3F), and if fractured then it cannot be blocked (P3B). Similarly for P4 if the pipe is
blocked then it is not fractured (P4F).

Watey Cannot
Pass Through
Pipes P3 or P4 i i

; I |

}

Valve V2 Fails Failure in Pipe
Clesed and P3orP4
NOT Open

a

| |

Valve V2 Falls |} Valve V2 Does Pipe P3is Pipe P4 is
Closed NOT Fail Qpan Blocked or Blocked and
Fractured NOT Fractured
Pipe P3 is Pipe P3 is Pipe P4 15 Pipe P4 is NOT
Blocked and Fractured and Blocked Fractured
NOT Fractured NOT Blocked

P45

Pipe P3 is Pipe Pl is Pipe P3is Pipe P3 is NOT
Blocked NOT Fractured Fractured Blocked

Figure 4.5: Non-Coherent fault tree for NFTV2 - transfer 1

Water may not be able to pass into the system at V1, causing no flow out at V2, as
illustrated in Figure 4.6. No flow into the system at V1 may occur because water is unable
to pass through the valve. This can be the result of either a problem restricting the flow,
or because there is no water available. The flow may be restricted due to a blockage in pipe
P1 or P2 (P1B, P2B), or a fracture in P1 (P1F). If pipe P1 is blocked then it cannot be
fractured (P1F), and if fractured then it cannot be blocked (P1B). Similarly for P2 if the
pipe is blocked then it is not fractured (P2F). Finally water may not be available to the
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system because of a problem at the main supply (NWMS).

Water will not be available at the valve if it is closed, or because water is not able to pass
through, as shown in Figure 4.7 . Valve V1 could be closed if controller C1 has failed high
(C1FH), sensor S1 has failed reading a high level of water in the tank (S1FH), or if the
valve itself has failed closed (VIFC). If V1 has failed closed then it has definitely not failed
open (VIFO). If C1 has failed high then it cannot have failed low (C1FL) and V1 has not
failed open. Finally if S1 has failed reading a high level of water in the tank then to cause

no flow into the system it cannot be reading low (S1FL), C1 cannot be low and V1 not

open.
Water Cannot
Pass into the
System
2
Failure to Open Failure in Pipe No Water from
Valve W1 P1 or P2 the Main
Supply
Pipe P1is Pipe P2 is
Blocked or Blocked and
Fractured NOT Fractured
Fipa Plis Pipe P1is Pipe P2 is Pipe P2 is NOT
Btocked and Fractured and Blocked Fractured
NOT Fractured NOT Blocked

Pipe P1is Pipe P1is NOT|| PipeP1is Pipe P1 is NOT
Elocked Fractured Fractured Blocked

Figure 4.6: Non-Coherent fault tree for NFTV2 - transfer 2

The prime implicants for ‘NFTV2’ when the system is ACTIVE are listed in Table 4.5.
There is 1 of single order, 9 of order 2, 1 of order 3 and 1 order 4. After performing the

coherent approximation the results obtained for ‘NFTV2’ are the same as those obtained
in Table 4.4, Section 4.3.1.1.1. When the system is in the DORMANT operating mode no
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flow through valve V2 is expected. In this case the prime implicant ‘V2FQ’ is obtained.
Performing the coherent approximation gives no potential causes of failure in this case,

therefore this is omitted from the table.

Failure to Open
Valve V1
; ] |
vaie V1 Fails Contraller C1
Closed a2nd Keeps Vahve
NOT Open Y1 Closed
Walve 1 Fails | [Vatve V1 Does Controller C1 Fignal from Sersor
Closed NOT Fail Open Falls High $1 Indicales a High
Level in the Tank
Cantroler C1 || Controiler C1 | |Valve V1 Does Sensor S* Sensaor $1 Controlier C1 ||Yalve V1 Does

Falls High DCoes NOT Fall | [NOT Fall Open Falls High Does NOT Fall | [Does NOT Fail | ]INOT Fall Open

Low Low Low

Figure 4.7: Non-Coherent fault tree for NFTV2 - transfer 3

Number Prime Implicants Number Prime Implicants
1) NWMS 7) P3F.P3B
2) PI1B.PIF 8) P4B.PiF
3) PI1FPIB 5) TR.TL
4) P2B.P2F 10) VIFC.VIFQ
5} V2FC.V2FO 11) CIFH.VIFQ.CIFL
6) P3B.P3F 12) SIFH.VIFO.CIFL.SIFL

Table 4.5: Prime implicants for NFTV2
when the system is ACTIVE

4.3.2 Summary of Non-Coherent Fault Trees

Non-coherent fault trees for the other sensor readings listed in Table 4.3 are shown in
Appendix A. In the same way as for ‘'NFTV2’ the coherent fault trees are expanded to take
into consideration the occurrence of component success states. In all cases after performing
the coherent approximation the potential causes of failure for the non-coherent fault trees

are the same as those obtained from the coherent ones.
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Each non-coherent fault tree is larger than its equivalent coherent tree. For instance, for
the sensor reading ‘flow through valve V1’ presented in Figures A.12 to A.15 to occur there
must be water available into the tank. This indicates that no failure preventing flow can
exist. If a component has failed in a certain way then it cannot be failed in any other or

there must not be any other failure occurring that could contradict this.

4.4 System Fault Detection

Four schemes, each of differing complexity were developed to detect faults in the water
tank system. The general principle was to devise a method to compare the observed and
expected system behaviour and from this determine any faults that could have occurred.
Fault trees were constructed from the scenarios generated using the system observation
points (see Table 4.1 in Section 4.2.2.1). The four schemes have been implemented using
FaultTree+ by developing the scenarios from the fault trees for the sensor readings (at the
system observation points) that were originally input for verification. It has been assumed
that the system was in a steady-state operating condition. In investigating the four schemes
the aim is to identify the scheme with the least complexity that provides a good degree of

accuracy.

4.4.1 Scheme 1

In this scheme coherent fault trees were used to develop causes of sensor deviations. At
any given time the sensors must indicate one of the 16 scenarios listed in Table 4.1. If
the system is ACTIVE the sensors are expected to show the readings as in scenario 4 of
Table 4.1. In the DORMANT state they should show the readings in scenario 16. When the
actual readings do not match the pattern of the system model it suggests a fault exists with
at least one of the system components. To find all possible causes, a top event structure
can be constructed from the information given by the system observation points. In this
scheme only the observation points giving sensor readings that deviate from the normal
operating mode of the system are considered. These are constructed by combining the
causes of sensor readings (see Section 4.3.1.1), which deviate from that expected using an
AND gate. This scheme is now demonstrated assuming the system is ACTIVE and the

sensor readings from scenario 1 in Table 4.1 are observed.
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Table 4.6 contains sensor readings expected when the system is in the ACTIVE operating
mode (scenario 4) and the actual reading corresponding to scenario 1. The table shows that
the sensor reading for valve V3 is ‘flow’, when in the ACTIVE operating mode it should be
‘no flow’. Also the sensor SP1 at the observation point in the overspill tray should read ‘no
water’ but it is indicating water is present. Hence there are two sensors that have deviated

from their expected readings in the normal operating mode (highlighted in bold type).

Scenaric V1 V2 V3 TRAY
Ezpected Behaviour 4ACTIVE F F NF NW
Observed Behaviour 1 F F F A%

Table 4.6: ACTIVE operating mode with expected

and actual sensor readings

In scheme 1 coherent fault trees for the deviated sensor readings are combined as inputs to

an AND gate to form the scenario’s top event structure. This is shown in Figure 4.8.

Scenario 1
ACTIVE

Flow Through WWater in the
Valve V3 Overspill Tray

Figure 4.8: Top event structure for scenario 1 in the ACTIVE operating mode

containing just deviated sensor readings

A qualitative analysis of this fault tree will produce its minimal cut sets. These are a list of
all the combinations of component failures that would cause the sensor readings obtained.
Analysis of the fault tree structure given in Figure 4.8 produces 102 potential causes in
total; 6 of order 2 and 96 of order 3. From closer inspection though only 15 of these will
result in the occurrence of the top event (3 being of order 2 and 12 of order 3). The
remaining 87 are incorrect; the causes of this are now discussed. The 15 valid potential

causes are listed in Table 4.7.
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Number Potential Causes Number Potential Causes
1) TL.S2FH 9) S1FL.TL.P3F
2) TL.C2FH 10) SIFL.TL.P4B
3) TL.V3FO 11) S1FL.V2FC.TL
4) VIFO.TL.P3B 12) CIFL.TL.P3B
5) VI1FO.TL.P3F 13} CIFL.TL.P3F
6) VI1FQO.TL.P4B 14) CI1FL.TL.P4B
7} VIFO.V2FC.TL 15) CIFL.V2FC.TL

8) SI1FL.TL.P3B

Table 4.7: Potential causes of scenario 1 in the
ACTIVE operating mode using scheme 1

In order for water to be present in the overspill tray there must be a leak in the tank as
indicated by the results in Table 4.7, which have ‘TL’ in each fault combination. Flow out
of the system at valve V3 can occur either due to a failure at the valve or because the level

of water has got too high in the system and it has opened to reduce this.

In considering why the analysis has produced incorrect results, the coherent fault trees
for the sensor readings ‘flow through valve V3’ and ‘water in the overspill tray’ are both
valid when analysed individually. However, one of the reasons for obtaining ‘water in the
overspill tray’ is that no flow through valve V3 occurs, contradicting the sensor reading
‘low through valve V3’. Without NOT logic present in the fault trees to indicate the
component working states conflicting potential causes are not removed. For example, one of
the incorrect minimal cut sets is V1FO.P3B.P5B. This minimal cut set would give water in
the overspill tray, however pipe P5 is blocked so water cannot get through V3, contradicting
the top event structure. Therefore, coherent fault trees representing sensor deviations do
not contain enough information about system behaviour, with the resulting implication

that scheme 1 is not a very accurate method.

In addition to the problem of invalid potential causes the number of valid possibilities listed
in Table 4.7 for scenario 1 is quite large. This has also been the case for a number of the
other scenarios. A method is required to reduce this number of potential causes to as few
as possible, Scheme 1 does not take into account the sensor readings from the observation
points in the scenario that are correct for the chosen operating mode. Only the first 3
potential causes actually produce scenario 1 when the sensor readings from the observation
points at valves V1 and V2 are taken into account. The other potential causes are all valid

for the sensor reading flow through V1, but would result in no flow through valve V2. This
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issue is addressed in scheme 2 to try and improve the diagnostic capability. Information
from the sensors that are operating correctly is used to evaluate which parts of the system
must be functioning with the deviated sections, hence discounting them from the list of

potential failures.

4.4.2 Scheme 2

Coherent fault trees for sensor readings are also used in scheme 2. In this case though a
consistency check is introduced into the model by including information from all sensor
readings obtained from the analysis in the construction of the top event for the observed
system state. Expected readings from sensors are included as NOT failed events in the
top event structure. (For example, if the sensor reading for valve V1 were ‘flow’ then this
would be equivalent to saying that there is ‘NOT no flow’. This therefore produces a list
of working states for flow through valve V1). Writing them in their equivalent negated
form now includes sensor readings not considered in scheme 1 that are true to the chosen
operating mode. Hence the strategy for scheme 2 is for the fault trees for a given set
of sensor readings to be combined including both deviations and those expected in their
equivalent negated form using an AND gate. Scheme 2 is now demonstrated using the

observed sensor readings of scenario 1.

Table 4.8 below contains the ACTIVE operating mode for the system (scenario 4) and
scenario 1 with the sensor readings for valves V1 and V2 written in negated form (the bar

over the deviated sensor reading means ‘NOT that deviated sensor reading’).

Scenario Vi V2 V3 TRAY
Ezpected Behaviour 4 ACTIVE F F NF NW
Observed Behaviour 1 NF NF F w

Table 4.8: ACTIVE operating mode and scenario 1

Fault trees for these negated sensor readings can now be obtained and included in the model
along with those for the deviated sensor readings in order to check consistency. The trees

are combined with an AND gate, as shown in Figure 4.9.

The cause of NOT no flow through valve V1 is:

P1B.P1F.P2B.S1FH.C1FH.VIFC.NWMS.P3B.P4B.V2FC
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System Fault Detection

Scenaria 1
ACTIVE
] [
I ]

NOT Na Flow 1] NOT No Flow || Flow Through Water in the
Through Valve (| Through Valve Valve V3 Overspill Tray

W1 V2

No Flow No Flow

Through Valve || Through Valve

Vi V2

Figure 4.9: Top event structure for scenario 1 in the ACTIVE operating mode

containing both deviated sensor readings and consistency checks

The cause of NOT no flow through valve V2 is:

TR.NWMS.P3B.P3F.P4B.V2FC.P1B.P1F.P2B.S1FH.C1FH.VIFC

These combined (ANDed) together with the potential causes listed in Table 4.7 from scheme
1 shows that scheme 2 produces 3 prime implicants representing the potential causes of
scenario 1 in the ACTIVE operating mode; these are listed in Table 4.9, These potential
causes include the working components. Removing these produces a list of the potential
causes containing only failed components, as shown in the ‘Coherent Approximation’

column.

These are all valid potential causes of scenario 1. This shows that for this particular scenario
scheme 2 is a better model at pinpointing the actual cause compared to scheme 1, reducing
the correct number of potential causes from 15 to 3 with the inclusion of working sensors.
However, scheme 1 showed that coherent fault trees do not contain enough information
about system behaviour to obtain a reliable list of potential causes. Scheme 2 uses the
same fault trees, so invalid results from combining the deviated sensor readings can still
occur, for example in the situation where all sensors in the system are deviated. This
problem can be alleviated by using non-coherent fault trees that contain NOT logic. These
trees are introduced into the analysis for each sensor reading in scheme 3 in order to indicate

which components are working.
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Number Potential Causes Coherent Approximation
1) NWMS.TR.P2B.PiF.P1B.V2FC.TL.P4B.P3B.P3F.V1FC.CIFH.S1FH.S2FH TL.S2FH
2) NWMS.TR.P2B.PIF.F1B.V2FC.TL.P4B.P3B.F3F.VIFC.C1FH.5TFH.C2FH TL.C2FH
3) NWMS. TR.P2B.P1F.P1B.V2FC.TL P4B.P3B.P3F.VIFC.C1IFH SIFH.V3FO TL.V3FO

Table 4.9: Potential causes of scenario 1 in the

ACTIVE operating mode using scheme 2

4.4.3 Scheme 3

In scheme 3 system behaviour is modelled using non-coherent fault trees. As in scheme 1
the observed system sensor readings are obtained from the observable points. A fault tree
structure is constructed using only the sensor readings that have deviated from the normal
system operating mode. Therefore it does not include a consistency check. To illustrate
scheme 3 the top event structure (assuming, as before, the sensor readings represented
by scenario 1 have been obtained), can be constructed in the same way as for scheme 1
(see Figure 4.8), but using non-coherent fault trees for the deviated sensor readings ‘flow

through valve V3’ and ‘water in the overspill tray’.

Analysis of the faults, as in scheme 2, produces prime implicants. 15 potential causes of
scenario 1 are produced by scheme 3. After removing the working state events these are
the same as those obtained by scheme 1 that are valid for the deviated sensor readings
(see Table 4.7). Scheme 3 therefore shows that introducing NOT logic into the fault trees
indicates which components are working for each deviated sensor reading and removes any

conflicting potential causes (namely the previous 87 incorrect causes obtained in scheme 1).

There are again quite a large number of alternatives and it would be difficult to determine
which one could be the actual cause. This is also the case for some of the results for
other scenarios. In the same way as for scheme 1, scheme 3 does not take into account the
sensor readings from the observation points in the scenario that are correct for the chosen
operating mode. Some of the potential causes listed in the example may be invalid given
the functionality of the other areas of the system. This scheme has failed to differentiate
between the potential causes and so scheme 4, which contains the additional complexity
of non-coherent sensor deviations with consistency checks, may provide a better analysis

option.
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4.4.4 Scheme 4

Scheme 4 models system behaviour using non-coherent fault trees for sensor deviations. The
top event structure for scenario 1 using scheme 4 is shown in Figure 4.8. Analysis of the
faults, as in schemes 2 and 3 produces prime implicants. Removing the working component
states gives the coherent approximation. There are 3 potential causes of scenario 1, listed
in Table 4.10.

Number Potential Causes

1) TL.S2FH
2) TL.C2FH
3) TL.V3FO

Table 4.10: Potential causes of scenario 1 in the

ACTIVE operating mode using scheme 4

The potential causes of scenario 1 in Table 4.10 are the same as those obtained using scheme
2 after removing the working components (see Table 4.9). This shows that schemes 2 and
4 are better models than 1 and 3 at pinpointing the actual cause of scenario 1. Compared
to the result obtained from scheme 3 the model in scheme 4 strengthens the belief that not
enough information is being obtained by only considering sensors that have deviated from

their expected readings.

4.5 Discussion of the System Fault Detection Method

4.5.1 Introduction

Four fault tree based schemes for detecting faults or combinations of faults in systems have
been introduced. Each scheme was demonstrated using the water tank level control system
example. Each of the scenarios listed in Table 4.1 were constructed in FaultTree+ for the
four schemes in the ACTIVE and DORMANT operating modes. The top events for each
of the scenarios were constructed by hand using the given expected behaviour from each
mode to determine the fault trees required for each of the sensor readings. This enabled the
construction of single and multiple symptom top events depending on the chosen scenario.
The automation of the fault trees for each of the sensor readings enabled analysis for each
of the possible scenarios for the four schemes and their given operating modes to be carried

out more quickly than could be done by hand. Once results were obtained the potential
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causes of failure were verified by hand and compared with those expected for each scenario.
Expected potential causes of failure for each scenario were identified by comparing what
was happening in the system with that expected by visual inspection. This enabled the
results obtained from FaultTree+ to be verified. The performance of the four schemes has
been investigated to evaluate their potential to identify the causes of all 16 scenarios, both
in the ACTIVE and DORMANT operating modes. The results for each of the schemes are

now discussed.

4.5.2 Tank System Results

Schemes 1 to 4 were applied to produce the causes of the 16 scenarios of possible sensor

readings listed in Table 4.1. An index to indicate the scheme effectiveness is calculated.

4.5.2.1 Effectiveness Index for the Schemes

An index has been applied to each of the schemes to give some indication of their relative
merit. For each scheme the number of possible causes of each scenario is recorded, along
with a list of causes obtained and how many of the correct causes are included in this
list. The index is used on each scheme to indicate how effective it has been at obtaining
correct potential causes of failure over the 15 scenarios for each of the operating modes
(ACTIVE/DORMANT) that contain at least one deviated sensor reading (one of the

scenarios represents the symptoms of a fully functioning system).

4.5.2,1.1 Definition of Effectiveness Index

The Effectiveness Index 1, Ej used is defined as:

Ejk_.N'i:l n; J \na;

where,

N = The number of scenarios investigated.
n; = The number of potential causes of failure identi fied by the scheme

for scenario 4. (These were obtained using FaultTree+).
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nc; = The number of correct potential causes of failure obtained by the
scheme for scenario 7. (These identified by visual inspection).
na; = The number of actual potential causes of failure that should have
been obtained by the method for scenario i. (These were identified by hand).
j = The scheme number.
k = ACTIVE and DORMANT operating modes (represented by an ‘A’
and ‘D’ respectively).

The index has a range from 0 to 1, with 0 indicating a scheme that is not effective and 1
the most effective possible. Note that in the ideal situation the fault detection system will
identify only one cause of each scenario and it will be correct, producing an effectiveness
index of 1. Indices not equal to 1 are expected in practice because there will never be
enough sensors to provide sufficient information to diagnose each fault. The index is used

because it is easy and fast to calculate and is indicative of the benefit of each scheme.

4.5.2.2 Results for Scheme 1

Results obtained for scheme 1 in the ACTIVE and DORMANT operating modes are shown
in Table 4.11. The table contains, for each scenario, the number of possible causes produced
by the scheme, n;, and the number of these that are correct causes of the symptoms
observed, nc; for the respective mode. The actual number of causes, na;, that would
have been produced if the scheme gave a perfectly correct list is also indicated in the final
column of each mode section of the table (this takes into account the functionality of the

whole system). The actual possibilities have been calculated by hand.

The results for scheme 1 show that in many cases entries in the list of potential causes
obtained for the scenarios did not cause the symptoms shown. For example, this has
occurred in scenario 1 in the ACTIVE operating mode, where the number of possible
causes produced by the scheme is 102, but the number valid for the deviated readings is
15. The number actually correct - if considering the readings that are true to the operating
meode - is only 3. Scenarios 5, 6, 9, 10, 13, 14 and 15 in the ACTIVE operating mode and
in 1, 5, 9 and 13 in the DORMANT mode (Table 4.11) also contain failures that are not
valid for the given deviated readings. Fifteen of the results as shown in Section 4.4.1 for
scenario 1 will produce the deviated sensor readings ‘flow through valve V3’ and ‘water in

the overspill tray’. However, taking into consideration all readings including those expected

81



Application of Foult Tree Analysis for Foault Detection Discussion of the System Fault Detection Method

for the operating mode 12 of these readings that are valid for the deviated sensor readings
are invalid when considering the readings true to the operating mode. This example, along
with other results shown in Table 4,11 indicates that a check of some form is required in

order to consider readings of the non-deviated sensors.

ACTIVE DORMANT
Scenario V1 V2 V3 TRAY | Results from Number of Results from Number of
Scheme 1 Actual Possibilities Scheme 1 Actual Possibilities
ng ey nay ni ne; nae;
1 F F F w 102 3 3 30 3 3
2 F F F NW 15 3 3 6 3 3
3 F F NF w 74 1 1 20 1 1
4 F F NF NW - - - 1 1 1
5 F NF F w 132 24 24 30 6 6
6 F NF F NW 48 24 24 6 6 6
7 F NF NF W B4 77 77 20 20 20
8 F NF NF NW 12 4 4 11 5 5
9 NF F F w 300 21 21 30 3 3
10 NF F F NW 60 21 21 6 3 3
11 NF F NF w 200 7 7 20 1 1
12 NF F NF NW 10 7 7 1 1 1
13 NF NF F w 300 0 84 30 3 3
14 NF NF F NW 60 0 84 6 3 3
15 NF NF NF w 200 14 14 20 2 2
16 NF NF NF NW 10 10 10 - - -
Effectiveness Index | Ig,, = 0.293 Ig,, = 0444

Table 4.11: Results obtained for scheme 1 in the ACTIVE
and DORMANT operating modes

The fault trees used in this scheme are coherent, and when analysed individually they are
valid. The trees are combined to give the causes of unexpected readings and they may
contain conflicting potential causes of failure. Without the use of NOT logic in the fault
trees these conflicts will still exist in the results, and therefore cannot be eliminated from

the list of possibilities.

The validity of some results were found to be dependent upon the amount of water in the
tank, which strengthened the need for the consideration of transient effects. For instance the
results for scenario 16 are: {{P1B}, {P1F}, {P2B}, {VIFC}, {C1FH}, {S1FH}, {NWMS},
{P3B}, {P4B}, {V2FC}}. The first 7 potential causes are valid if there is no longer any
water in the tank and the remaining 3 are valid if no water has left the tank and the level
is at that required. This shows that transient effects within the system must be considered

in order to develop the fault diagnostic method further.

The results have shown that there is not enough information about the system behaviour
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in coherent fault trees to yield an accurate list of potential causes, therefore scheme 1 is not
a very good fault diagnostic method. This is reflected in the Effectiveness Index, which was
calculated as Ig,, = 0.293 for the ACTIVE mode and Ig,, = 0.444 for the DORMANT

mode, giving an average of I, = 0.368.

As well as the problem of invalid potential causes of failure scheme 1 does not take into
consideration the sensors that are indicating the expected value for the operating mode.
Correct potential causes obtained by considering only the deviated sensor readings may
be valid for those readings, but it is not valid when considering the overall system and
the additional information provided by the sensors with expected readings. The ability to
consider all information would reduce the number of potential causes of failure and therefore
give a more accurate list of possibilities. The sensors reading as expected for the operating

mode are introduced into the analysis in scheme 2.

4.5.2.3 Results for Scheme 2

Table 4.12 lists the potential causes of failure for scheme 2 in the ACTIVE and DORMANT

operating modes, after removing the working components {the Coherent Approximation).

ACTIVE DORMANT
Scenario Vi vz V3 TRAY | Results from Results from Number of Results from Results from Number of
Scheme 2 Scheme 2 Actual Scheme 2 Scheme 2 Actual
(1) 1) Possibilities (1) (I1) Possibilities
Mg neg n; ne; Ty ng neg g (1= neg
1 F F F w 3 3 3 3 3 30 3 30 3 3
2 F F F NwW 3 3 3 3 3 ] 3 6 3 3
3 F F NF w 1 1 1 1 1 20 1 20 1 1
4 F F NF NW - - - - - 1 1 1 1 1
5 F NF F w 30 3 111 24 24 30 6 30 6 6
6 F NF F NW 6 6 24 24 24 [} € 6 6 3
T F NF NF w 20 20 77 7 77 20 20 20 20 20
8 F NF NF NW 1 1 4 4 4 5 5 5 & 5
9 NF F F W o] 0 21 21 21 0 [ 6 3 3
10 NF F F NwW 0 0 21 21 21 0 0 3 3 3
11 NF F NF w 0 0 7 T i Q 0 2 1 1
12 NF F NF NW L+ 0 T 7 7 1] ] 1 1 1
13 NF NF F w 360 0 300 0 84 [} 0 8 3 3
14 NF NF F NW 60 0 60 0 84 1] 0 3 3 3
15 NF NF NF w 200 14 200 14 14 o L] 2 2 2
16 NF NF NF NwW 10 10 10 10 10 - - - - -
Effectiveness Index IEZ(!)A = 0.323 and IEz(I[)A = 0.752 IE?(I)D = 0.323 and IE?(II)D = 0.690

Table 4.12: Results obtained for scheme 2 in the ACTIVE
and DORMANT operating modes

Two ways of performing consistency checks were investigated in the analysis and shown in
the Table. The first, labelled ‘scheme 2(I)’, includes the sensor readings that are expected

for the operating mode in their negated form in the top event structure. These checks may
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include symptoms that change in time, for example, ‘flow through valve V3’ may be caused
by V3 failing open, controller C2 failing high or sensor S2 reading a high level of water in
the tank. This may also be the result of uncontrollable flow into the system through V1
and no flow out at V2. This latter situation does not cause the effect immediately. Initially
it results in an increasing water level and as a result the safety valve opening. The second
consistency check is labelled ‘scheme 2(II)’, and in this case only the immediate causes of
the effects predicted by the sensors reading true to the operating mode are included in the
fault trees. Therefore working states where the symptoms change in time are not taken

into consideration.

‘Scheme 2(I)’ shows that the results for the ACTIVE operating mode have not improved
compared to those obtained by scheme 1, and this is reflected in the effectiveness index
result. Results for scenarios 1, 2 and 3 in the ACTIVE operating mode (in the ACTIVE
column in Table 4.12) have all improved compared to those from scheme 1. There are
however a number of scenarios that have either resulted in the method obtaining no potential
causes of failure or no valid ones, for example scenarios 9 to 14 in the ACTIVE operating
mode. This has also occurred in the results for the DORMANT operating mode in scenarios
9 to 15 (Table 4.12). The majority of these scenarios have flow out of the system but no
flow in. For example, if the sensor readings indicate that the system is in scenario 9 in
the ACTIVE operating mode, then the deviated sensor readings are ‘no flow through valve
V7, ‘flow through valve V3’ and ‘water in the overspill tray’. In scheme 1 these deviated

sensor readings gave a list of 300 possible potential causes of failure (see Table 4.11).

The extra information for the flow sensor at V2 ‘Flow through valve V2’ is equivalent to
saying there is ‘NOT no flow through valve V2’, which produces a list of working states
causing the expected flow through V2. However, ‘no flow through valve V2’ could be caused
by the tank being empty as a result of no water coming into the system through valve V1.
The point at which there is no flow through valve V2 would be dependent on the amount
of water originally in the tank, and the rate at which it is decreasing. The flow through V2
symptom therefore changes in time. Flow out at V2 and V3 indicates that there must be
water in the tank, else the system would not be in scenario 9. This is in conflict with the
sensor indicating ‘no flow through valve V1’, leaving no potential causes of failure when
there should be 21 possibilities.

‘Scheme 2(II)’ uses a consistency check that only takes into consideration the symptoms that
would cause an immediate effect on the system when checked against the deviated sensor

readings. For example, in scenario 9 in the ACTIVE operating mode ‘no flow through
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valve V2’ would immediately occur if V2 suddenly failed closed, pipe P3 became blocked or
fractured, P4 became blocked, or the tank ruptured. No flow into the system through V1
may take time to cause no flow through V2, therefore it is not checked against the three

deviated sensor readings. This gives 21 potential causes of failure for the scenario.

The effectiveness index of Ig,,,, = 0.752 for the ACTIVE mode and Ig,,,, = 0.690 for
the DORMANT mode in scheme 2(II), giving an average of Ir,,,, = 0.721 shows that
there is an improvement in comparison to the indices produced by scheme 1. However,
scheme 1 illustrated that coherent fault trees do not contain enough information about the
system behaviour to obtain reliable results. Scheme 2 also uses coherent fault trees and
invalid results have still occurred in (II), for example in the DORMANT operating mode
in scenario 1 (which contains all deviated sensor readings, so is equivalent to scenario 1 in
scheme 1), 5, 9 and 13. As concluded in scheme 1, without the use of NOT logic in the

actual fault trees conflicts may still occur between causes of the sensor readings.

4.5.2.4 Results for Scheme 3

The use of NOT logic is introduced into the fault trees in this scheme. Therefore when
the deviated sensor readings are considered together, any conflicting potential causes of
failure should be removed from the list of possible causes. Results obtained for scheme 3
in the ACTIVE and DORMANT operating modes are shown in Table 4.13. The top event

structure only contains deviated sensor readings, as in scheme 1.

The results obtained for both the ACTIVE and DORMANT operating modes have shown
that the use of NOT logic in the fault trees has removed all of the the invalid potential causes
of failure that were present in some scenarios for both schemes 1 and 2 when combining just
the deviated sensor readings. As a result, in the majority of cases, the number of potential

causes of failure obtained is less than compared to those in scheme 1.

The effectiveness index value is Ig,, = 0.459 and Ig,, = 0.837 for the ACTIVE and
DORMANT modes respectively, with an average of Ig, = 0.648. This is an improvement
on scheme 1, which had an average of 0.368, but not to that for scheme 2 (II), which was
Ig,n = 0.721. As is consistent with scheme 1, not taking account of the readings from
the sensors giving expected readings for the operating mode has resulted in an inaccurate
list of potential causes for some scenarios, for example in scenarios 1 to 8 in the ACTIVE
operating mode (see Table 4.13). The sensors reading expected values for the operating

mode are introduced in scheme 4.
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ACTIVE DORMANT
Scenario V1 V2 V3 TRAY | Results from Number of Results from Number of
Scheme 3 Actual Possibilities Scheme 3 Actual Possibilities
THg ne; na; ni ne; nag
1 F F F w 15 3 3 3 3 3
2 F F F NW 15 3 3 3 3 3
3 F F NF W 74 1 1 1 1
4 F F NF NwW - - - 1 1 1
5 F NF F w 45 24 24 6 6 6
6 F NF F NW 45 24 24 6 6 6
7 F NF NF w 84 77 7 20 20 20
8 F NF NF NwW 12 4 4 11 5 5
g NF F F W 30 21 21 3 3 3
10 NF F F NW 30 21 21 3 3 3
11 NF F NF w 20 7 7 1 1 1
12 NF F NF NW 10 7 7 1 1 1
13 NF NF F w 30 0 84 6 3 3
14 NF NF F NW 30 0 84 6 3 3
15 NF NF NF W 20 14 14 20 2 2
16 NF NF NF NW 10 10 10 - - -
Effectiveness Index Ig,, = 0.450 Ig,, = 0.837

Table 4.13: Results obtained for scheme 3 in the ACTIVE
and DORMANT operating modes

4.5.2.5 Results for Scheme 4

Table 4.14 lists the potential causes of failure for each scenario as established by scheme 4 in
the ACTIVE and DORMANT operating modes, after removing the working components.
As in the third scheme, the fourth scheme also uses non-coherent fault trees in the system
analysis. A counsistency check was introduced as in scheme 2 to allow the sensors reading

true to the operating mode to be included. As in scheme 2, two checks were investigated.

Investigations using negated non-coherent fault trees to include the information provided
by those sensors that have the expected readings in the top event structures gave some
inaccurate results. This was because some ‘NOT’ events in the fault trees were becoming
potential causes of failure as a result of being negated twice. Using non-coherent fault
trees in the consistency check (scheme 4 (I}) gave no additional input into the analysis,
but increased the complexity. Therefore a consistency check was carried out by taking
the results obtained when considering just the deviated sensor readings and checking them
individually against the sensors reading true to the operating mode. Any results that lead
to a contradiction were then removed from the list. These results are shown in Table 4.14
under the column heading ‘Scheme 4 (II)’ for ACTIVE and DORMANT operating modes.
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ACTIVE DORMANT
Scenario Vi V2 v3 TRAY Results from Results from Number of Results from Results from Number of
Scheme 4 Schetne 4 Actual Scheme 4 Scheme 4 Actual
(I) {II) Possibilities (I) {II) Possibilities

g ne; n; ne; na; n; neg i nc; na;

1 F F F w 3 3 3 3 3 3 3 3 3 3
2 F F F NW 3 3 3 3 3 3 3 3 3 3
3 F F NF w 1 1 1 1 1 1 1 1 1 1
4 F F NF NwW - - - - - 1 1 1 1 1
8 F NF F w 15 15 24 24 24 8 6 3 ] [
6 F NF F NW 15 15 24 24 24 6 <] 6 ] 6
7 F NF NF W 107 73 77 7T 77 20 20 20 20 20
8 F NF NF NW 88 1 4 4 4 29 2 5 5 5
9 NF F F w 0 0 21 21 21 0 ] 3 3 3
| 10 NF F F NW 0 o 21 21 21 o) 0 3 3 3
11 NF F NF w [} ] 7 7 T ] 0 1 1 1
12 NF F NF NwW L] 1] 7 7 7 0 0 1 1 1
13 NF NF F w 30 [} 30 0 84 21 0 3 3 3
14 NF NF F NW 30 [} 30 o} 84 23 [} 3 3 3
15 NF NF NF w 14 14 20 14 20 14 o 2 2 2
16 NF NF NF NW 10 10 10 10 10 - - - -

Effectiveness Index JE“])A = 0.460 and IEAI(I!)A = 0.847 IEi(l)_D = 0.469 and 134(1[)1:) = 1.000

Table 4.14: Results obtained for scheme 4 in the ACTIVE
and DORMANT operating modes

Results in the ACTIVE operating mode from scheme 4(I) - which takes into consideration
all possible symptoms - gave an index of Ig,;, = 0.460. This shows that there is an
improvement in scheme 4 compared to results for schemes 1 and 2(I), as indicated in the
effectiveness index values, which are Ig,, = 0.293, Ig,,,, = 0.323, but the result was not
as good as that for scheme 3, which was Ig,, = 0.459. As in scheme 2(I) where there are a
number of scenarios that have either resulted in the method obtaining no potential causes
of failure or no valid ones, this has also occurred in the DORMANT mode. Again this was
found to be because the check being carried out checked the list of potential causes against

all symptoms true to the operating mode.

As in scheme 2(II), scheme 4(II) checks for consistency using only failures that would have
an immediate affect on the system. The effectiveness index in this case was I, ,,, = 0.847
for the ACTIVE and Ig,,,, = 1.000 for the DORMANT operating modes, giving an
average of Ig,,,, = 0.924. This average is an improvement compared to all of the other

three schemes.

Therefore, the usage of non-coherent fault trees and a consistency check that considers
failures that immediately affect the system as shown in scheme 4 (II), is the most accurate

of the schemes 1 to 4 for modelling behaviour of the water tank system.
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4.5.3 Discussion
4.5.3.1 Overview of Results

A summary of the results obtained for schemes 1 to 4 applied to the simple tank system
operating in the ACTIVE and DORMANT modes, and their respective effectiveness indices
are shown in Tables 4.15 and 4.16.

The performance of the four schemes has been investigated to evaluate their potential to
identify the causes of all 16 scenarios, both in ACTIVE and DORMANT operating modes
for the system. Schemes 1 and 2 have produced potential causes that are invalid to the top
event structure, both for scenario 1 and a number of others. This is the case even though
the fault trees for each of the sensor readings are correct when analysed individually. For
example, for scenario 5 in the ACTIVE operating mode schemes 1 and 2 produce 132 and
111 potential causes respectively for their top event structures. Only 24 of these results
for the two schemes are actually valid even though the fault trees for the sensor readings
are correct when analysed individually. For certain scenarios scheme 2 has also removed
potential causes that are valid for the top event structure. This implies that there is not

enough information in the coherent fault trees to explain the system behaviour.

Scenario V1 V2 V3 TRAY | Schemel | Scheme 2 | Scheme 3 | Scheme 4 Number of
Actual Possibilities

ny ne; T4 ne; g neg Mg ne; Tidg

1 F F F W 102 3 3 3 15 3 3

2 F F F NwW 15 3 15 3 3

3 F F NF W 74 1 74 1 1 1 1

4 F F NF NW - - - - - - - - -

5 F NF F w 132 | 24 111 24 45 24 24 24 24

6 F NF F NwW 48 24 24 24 45 24 24 24 24

7 F NF NF w 84 7T 77 77 | 84 77 77 77 77

8 F NF NF NwW 12 4 4 4 12 4 4 4 4

9 NF F F W 300 | 21 21 21 30 21 21 21 21

10 NF F F NW 60 21 21 21 30 21 21 21 21

11 NF F NF W 200 7 7 7 20 7 7 7 7

12 NF F NF NwW 10 7 7 7 10 7 7 7 7

13 NF NF F W 30| 0 300 0 30 0 30 0 24

14 NF NF F NW 60 0 60 0 30 0 30 0 84

15 NF NF NF w 200 | 14 200 14 20 14 20 14 14

16 NF NF NF NwW 10 10 10 10 10 10 10 10 10

Effectiveness Index Ig, 0.293 0.752 0.459 0.837

Table 4.15: Results obtained for schemes 1 to 4 in the ACTIVE
operating mode and effectiveness index
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Non-coherent fault trees were introduced into schemes 3 and 4. These have eliminated any
invalid potential causes of failure from combining the deviated sensor readings. Scheme
3 still does not consider readings that are true to the operating mode. Scheme 4, which

includes all sensor readings, is the best scheme for modelling the system.

For each scheme and each scenario the table contains the number of possible causes produced
by the scheme, n;, and the number of these that are correct causes of the symptoms
observed, ne;. The actual number of causes, na;, that would have been produced if the

scheme gave a perfectly correct list is indicated in the final column of the table.

When the working states are considered as in scheme 2 the effectiveness is improved as
indicated by the average index for ACTIVE and DORMANT system operating states
increasing from 0.368 in Scheme 1 (g, = 0.293 + Ig, = 0.444 divided by 2 to give
the average Ig, = 0.368) to 0.721 in Scheme 2 (I, ,,,, = 0.752 + Ig,,,, = 0.690 divided by
2 to give the average Ig,,,, = 0.721). Even with this improvement overall the results imply
that coherent fault trees do not contain enough information about the system behaviour to

produce an accurate list of potential causes.

Scenaric V1 V2 V3 TRAY | Scheme 1 | Scheme 2 | Scheme 3 | Scheme 4 Number of
n; | neg | ng | nmeg | me | me; | ng | ne; | Actual Possibilities
1 F F F W 30 3 30 3 3 3 3 3 3
2 F F F NW 6 3 6 3 3 3 3 3 3
3 F F NF W 20 1 20 1 1 1 1 1 1
4 F F NF NW 1 1 1 1 1 1 1 1 1
5 F NF F w 30 6 30 6 6 6 6 6 6
6 F NF F NW 6 6 6 6 6 6 6 6 6
7 F NF NF w 20 20 20 20 20 20 20 20 20
8 F NF NF NwW 11 5 5 5 11 5 5 5 5
9 NF F F w 30 3 6 3 3 3 3 3 3
10 NF F F NwW 6 3 3 3 3 3 3 3 3
11 NF F NF w 20 1 2 1 1 1 1 1 1
12 NF F NF NwW 1 1 1 1 1 1 1 1 1
13 NF NF F w 30 3 6 3 6 3 3 3 3
14 NF NF F NwW 6 3 3 3 ] 3 3 3 3
15 NF NF NF W 20 2 2 2 20 2 2 2 2
16 NF NF NP NwW - - - - - - - - -
Effectiveness Index I'g, 0.444 0.690 0.837 1.000

Table 4.16: Results obtained for schemes 1 to 4 in the DORMANT
' operating mode and effectiveness index

The use of NOT logic to indicate the working component states is introduced into the fault
trees in scheme 3. This has eliminated all of the invalid potential causes of failure that were
produced by combining the fault trees for the deviated sensor readings. The results show

an improvement compared to scheme 1, but not to scheme 2. This is because scheme 3
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does not take into consideration the sensors reading true to the operating mode. The fourth
scheme uses non-coherent fault trees to develop causes of both deviated sensor readings and
sensors reading expected values and combine these to form the top event structure. The

causes obtained in this way are more accurate than those obtained by the other schemes.

Two consistency checks were used in schemes 2 and 4. Results have shown that only taking
into consideration the symptoms that would cause an immediate affect on the system is the
better of the two checks. This is an indication of a limitation of the approach developed in
that it is not capable of dealing with situations where the symptoms change in time. The
introduction of a consistency check in schemes 2 and 4 has resulted in a net improvement
compared to schemes 1 and 3 respectively. The effectiveness index values together with the
information obtained from the analysis in schemes 1 to 3 has shown that scheme 4 is the
best model for obtaining potential causes of the 16 scenarios in ACTIVE and DORMANT

modes for the water tank system in steady state.

4.5.3.2 Scalability and Consistency Checks

The four methods presented for diagnosing faults in systems use FTA to explain the
deviations from normal values observed in the sensed variables. The effectiveness of the
methods has been investigated using a simple example containing only a small number of
components. Application to a larger system is required in order to show how effective the

methods would be when used on real systems.

The computational expense of processing a large number of sensors would not enable the
schemes considered so far to be applied directly to a real system. Even when only checking
immediate symptoms the NOT logic used in scheme 4 would be computationally intensive,
The consistency check used in this scheme involves taking the potential causes obtained
from only the deviated sensor readings and checking these individually against the causes
of sensors reading true to the operating mode. Any potential causes of the deviated sensor
readings that lead to a contradiction in the expected sensor readings can then be removed

from the list.

The consistency check aspect would be fine for larger systems. The qualitative analysis of
a top event constructed of the non-coherent fault trees for causes of the deviated sensors
would, however, be a problem. A means of resolving the issue needs to be found in the

future work.
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4.5.3.3 Imperfect Sensors

The method illustrated in this chapter has been applied to an example that does not
account for the possibility of sensor failures in the system. One method to accommodate
these sensor failures is to incorporate failed sensor events into the fault trees for each sensor
reading and the analysis performed in the same way. Another approach could be to try to
establish the validity of sensor readings at the start of the analysis and only consider data
on system symptoms that is known to be reliable. For the simple tank system the validity
of the flow sensor readings could be established by considering information provided by the
level sensors S1 and S2. A comparison can be made of these together with the tank level
calculated from the volume flow rate and spill tray sensors, VF1, VF2, VF3 and SP1, in

order to identify any defective readings.

4.5.3.4 Obtaining the Exact Cause of Failure

Ideally the fault detection scheme would be perfect and would determine the exact cause of
each scenario. However, in reality this would require a great deal of information about the
system provided by many sensors. From a practical point of view the cost of these sensors
along with their maintenance would not be contemplated and so the fault detection system

must cope with a list of more than one possible cause.

One possible method to help establish which of the list of potential alternatives has caused
the system failure is to consider a probability for each component and to deduce which is
the most likely failure cause combination. This addition to the procedure would require

the calculation of importance measures {29] for each failure combination.

4.5.3.5 Dynamic Effects

At present for the water tank system the consistency checks are considered at the point the
system is immediately observed. Due to this, it is not possible, since it does not take into
account transient effects, for some of the 16 scenarios to occur. For example, none of the
four schemes described have been able to correctly identify the potential causes of failure
for scenarios 13 and 14 in the ACTIVE operating mode, as shown in Table 4.15. However,
if dynamics were taken into consideration then depending on the state of the system these

scenarios may occur, albeit for a short period of time.

As an example, when the system is ACTIVE and in scenario 13, all the sensor readings
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indicate a deviation from the expected sensor readings. Therefore there is ‘NFTV1’,
‘NFTV2', ‘FTV3 and ‘WOST’. No flow at V2 can be caused by the valve itself failing
closed, a blockage in pipe P3 or P4, a fracture in P3, the tank rupturing, or by a failure
preventing water flowing into the system through V1. Combining the fault trees for both
‘NFTV1’ with ‘NFTV2' and minimising the results leaves only the potential causes of failure
caused by no flow at V1, making the results incorrect as in order for the system to be in
scenario 13 there must be water in the tank because there is flow out at V3. Therefore no
flow out at V2 cannot be the result of no water coming into the system at V1. However
when the deviated sensor readings are combined and minimised using scheme 4 the potential
causes of failure produced do not indicate that there is a failure preventing no flow at V2.
This is an example of a situation where one failure has become hidden. A similar situation
occurs in scenario 14. Taking account of, for example, the time it takes the water level to
drop in the tank could help to overcome this problem. Therefore, considering the effects of

dynamics on the water tank would provide a more realistic model of the system behaviour.

The validity of some of the results was found to be dependent upon the amount of water
present in the tank. For instance scenario 16 in the ACTIVE operating mode could be
caused by {{P1B}, {P1F}, {P2B}, {VIFC}, {C1FH}, {S1FH}, {NWMS}} if the water
in the tank has been used up and no water has been allowed into the system to replenish
that taken. This scenario could also be caused by {{P3B}, {P3F}, {P4B}, {V2FC}} if
the level of water in the tank is as required and no water can exit the tank. A similar
ambiguous situation occurs for scenario 8 in the ACTIVE mode. Taking into consideration

transient effects in the system would help to alleviate this problem.

Some failures are dormant failures and may occur in the system and never be revealed until
that part of the system is used or tested. For example, a blockage in pipe P5 would cause
no flow through valve V3, but this would not become apparent until the safety part of the
system was required, as shown in results from the simulation in Chapter 5. These types of
failures will not be highlighted until that part of the system is used. This indicates that
the fault detection system may need to consider revealed and dormant failure modes in
different ways. Other failures may occur whilst a component is working as expected for a
particular mode and only become visual when the expected operation for the component
is changed. For instance, in ACTIVE operating mode valve V2 could fail open, but this
failure would not become apparent until the the operator tried to close the valve to put the
system in the DORMANT mode.

At present the two operating modes each have only one expected model of system behaviour
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as all monitored variables have only two discrete states; scenario 4 and 16 for the ACTIVE
and DORMANT modes respectively. Taking dynamics in the tank into consideration these
models will need to consider the actual value of the sensed variable, for example flow rate.
The model will then need to account for the level of water in the tank and the rate of
change of its height.

4.5.3.6 Two Phased System

The water tank system is assumed to be in one of two phases; these being the flow phase
through valve V2 when in the ACTIVE operating mode and the no flow phase through V2
in the DORMANT operating mode. However, V2 could be partially open indicating an
intermediate flow phase through the valve. Further analysis could therefore consider the

behaviour of the system with partial failure modes.

4.6 Summary

¢ This chapter has introduced four fault tree based schemes for detecting faults or

combinations of faults in systems.

o Fault tree analysis can be used to identify multiple faults in a systems fault diagnostic

capability for steady state.

¢ Each scheme is demonstrated using the water tank level control system example and

a brief comparison of results is made.

e Scheme 1 uses coherent fault trees to develop the causes of sensor readings. This
method has been found to yield unreliable results because the fault trees do not
contain enough information about the behaviour of the system. Also the method
only considers the sensors that are not reading true to the operating mode, therefore

causing more inaccuracies.

o A consistency check is introduced into scheme 2 by including information from all
sensor readings obtained from the analysis. However, as shown in scheme 1 coherent
fault trees do no contain enough information about the behaviour of the system to
obtain a reliable list of potential causes. Scheme 2 uses the same fault trees, so invalid

results can still occur.
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o The system is modelled using non-coherent fault trees in Scheme 3. The introduction
of NOT logic into the fault trees indicates which components are working for each
of the deviated sensor readings and removes any conflicting potential causes. As in
scheme 1 only sensor readings that have deviated from the normal system operating
mode are taken into consideration in the analysis, therefore it does not include a

consistency check.

¢ Non-coherent fault trees to represent the causes of sensor outputs provide more reliable

results compared with those obtained using the coherent fault trees.

o The introduction of consistency checks with the information provided by all sensors
is required in order to produce an accurate list of all potential causes of the current

system state.

o Scheme 4 (II) uses non-coherent fault trees and includes both deviated sensor readings
and those that are true to the operating mode in the analysis, The method checks
for consistency by using information from all the observation points, and is the most

accurate of schemes 1 to 4 for modelling behaviour of the water tank system.

e System dynamics must be taken into consideration to improve the method and obtain
more accurate results. The dynamics should include the calculation of the level of
water in the tank from the volume flow rate and spill tray sensors along with the
introduction of more discrete height categories. Also, the rate of change of height

should be calculated and timing taken into consideration.

e It may be necessary to consider different approaches in the fault diagnostics method

to reveal dormant failure modes of components.

e In applying the fault tree based diagnostics technique the system sensors as described
are sufficient, without any additional complexity. In a real system additional sensors
could be added in order to provide a more complete picture of its operating state.

The level control sensors S1 and S2 could also be used.
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Chapter 5

Development of a Simulation Model

and Fault Detection Demonstration

5.1 Introduction

Four fault tree based schemes for detecting faults or combinations of faults in systems were
introduced in Chapter 4. Each scheme was demonstrated using the water tank level control
system. This chapter describes the development of a computer program to simulate the

system and implement the four fault detection schemes.

The program has been coded in the C' programming language and consists of two main parts.
The first is a model of the water tank and its components as described in Section 4.2. The
state of each component can be set and changes to operation (non-failures) and/or faults
may be introduced at any point in time. The simulation of the system reacts to any changes
introduced in similar way to a real water tank. For instance, if pipe P2 is set to ‘blocked’
then water will not flow into the tank, just as in a physical system with a blockage at this

point.

System status is determined using readings provided by the flow sensors VF1, VF2, and VF3
situated after each of the three valves, and the overspill tray sensor SP1. Flow measurements
obtained from the simulation are fed into the second part of the program that demonstrates
the fault detection method. System diagnosis is obtained by comparing the actual sensor
readings from the simulation to the expected model behaviour, which will differ depending
on whether the system is in the ACTIVE or DORMANT modes.
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Analysis is carried out for each of the four schemes that were introduced in Chapter 4.
Sensor readings that have deviated from their normal operation should result in the
indication of a failure within the system. All potential causes of failure obtained are listed

for each scheme with the most likely cause(s) of failure.

5.2 Water Tank System Model

The volume of water held in the tank at time ¢ is dependent upon the amount of water in
the tank at time ¢ — 1 and the volume flow rate of water into and out of the tank at time
t — 1. This can be obtained using Euler Integration [79], which leads to an equation of the
form: xy = xp_1 + Zx—1.dt. The volume flow rate into the tank system is calculated from
the velocity of the inflow and the radius of pipe P2. The outflow depends on three factors:
the amount of water exiting the tank through valves V2 and V3, and any leakages present
within the walls of the tank. The volume flow rates at VF2, VF3 and water loss via a leak

depends upon the head of water in the tank above their locations.

Water transition within the tank system is modelled with equations for the volume flow
rate into and out of the tank along with the water height. The equations used are described
in Sections 5.2.1 to 5.2.2.

5.2.1 Volume of Water in the Tank
5.2.1.1 YVolume Flow Rate at Sensor VF1

The volume flow rate at VF1, ¢,(¢), at time ¢ is assumed to be constant, therefore is

expressed as:

’!.Jl(t) = Alul(t), (51)

where A; is the cross-sectional area of pipes P1 and P2, and wu;(t) is the velocity of flow
into the tank at VF1 at time {£.

5.2.1.2 Volume Flow Rate at Sensor VF2

The volume flow rate at VF2, 9,(t), at time ¢ is expressed as:

da(t) = Agua(t), (5.2)
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where, A is the cross-sectional area of pipes P3 and P4, and uy(t) is the velocity of flow
out of the tank at VF2 at time ¢. Using Torricelli’s Law [80], u(¢) can be written as:

ua(t) = v/29h(2), (5.3)

where g is acceleration due to gravity and h(t) is the height of water in the tank at time
t. The height of water in the tank can be expressed in terms of the volume of water in the

tank and its cross-sectional area, Ar. Therefore, A(f) can be written as:

_ v(t)
h(t) = e (54)
Equation 5.3 becomes,
t
us(t) = :zg%), (55)

Therefore Equation 5.2 can be expressed in terms of Torricelli’s Law,

T.Jg(t) = A2 29%:1) (56)

5.2.1.3 Volume Flow Rate at Sensor VF3

The volume flow rate at VF3, 95(t), at time ¢ can be expressed as:
1.)3(?5) = A3u3(t), (57)

where, Aj; is the cross-sectional area of pipes P5 and P6, and u3(t) is the velocity of flow
out of the tank at VF3 at time ¢. Assuming that pipes P3, P4, P5 and P6 are at the same
height in the tank, '

Ua (t) = U3(t) (58)
Equation 5.7 becomes,

’l.)3(t) = A3u2(t). (59)

Also, if the cross-sectional area of both pipes P5 and P6, Aj, is twice that of pipes P3 and
P4, A, (as flow out at V3 can be twice the amount out at V2), then,

A3 = 2A2 (5.10)
Therefore, Equation 5.9 can be expressed as,
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t
Substituting for us(t) = 29% gives,
V T

1')3(15) = 2A2 29%. (512)

5.2.1.4 Overspill Tray Sensor SP1

A leak in the tank system has been modelled assuming that the height and cross-sectional
area of the leak are known. The size of the leak can be varied by changing the cross-sectional
area, and the effect of the location of a leak investigated by changing the height at which

it is situated.

The volume flow rate out at a leak, 94(¢), at time ¢ can be used to calculate the amount of

water in the overspill tray, as indicated by sensor SP1. This can be expressed as:
1)4(t) = A4U4(t), (5.13)

where, A, is the cross-sectional area of the leak and wu4(t) is the velocity of flow out of the
tank at the leak at time £. In order to calculate ©4(¢) the height of water above and below

the leak has to be considered. The height of water in the tank can be expressed as:
h(t) = j(t) + k(2),

where, j(t) is the height of water above the leak in the tank and k() is the height of
water below the leak, as shown in Figure 5.1. The volume flow rate out of the leak will be

dependent upon the head of water above it.

Level of leak

Figure 5.1: Water tank heights for an example leak

The velocity u4(t) can be expressed as:

ua(t) = v/2g5(t), (5.14)
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where, j(t) = h(t) — k(¢). Once the level of water in the tank drops below the hole that is
causing the leak, flow out from it will cease and so j{t} = 0 (therefore h(t) = k(¢)). Also if
the leak is located at the bottom of the tank then k(t) = 0, hence A(t) = j(¢).

The height of water above the leak in the tank can be expressed in terms of the volume of
water above the leak and the cross-sectional area. Therefore the height j(¢) can be written

as.

where v;(t) is the volume of water in the tank at time ¢ for the height j.

= o (22

Therefore, substituting this into Equation 5.13 gives:

Equation 5.14 becomes,

b4(t) = Aay 29 (-”;lﬂ) (5.15)

5.2.2 Equation for Volume of Water in the Tank

The volume of water in the tank at time ¢ can be found using Euler Integration [79]:
v(t) =v(E = 1)+ [0t = 1) — (0(t — 1) + 03(t — 1) + 04(t — 1))] dt, (5.16)

where ©;(t — 1), 92(t — 1), 93(t — 1) and 94(¢ — 1) are the flow rates at VF1, VF2, VF3 and
SP1 respectively, at time ¢t — 1, and dt is the time increment,

Substituting equations 5.1, 5.6, 5.12 and 5.15 into 5.16 gives:

v(t) =v(t - 1)+ [A1u1(t —1)- (3A2 2gv(il_ D + Ay 2gvj(%—1—)-):| dt. (5.17)
\ T V T

5.2.3 Equation for Height of Water in the Tank

The height of water in the tank at time ¢ can be expressed in terms of the volume of water
in the tank, and the tank’s cross-sectional area, as shown in Equation 5.4. Substituting
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Equation 5.17 into Equation 5.4 gives:

v(t—1)+ [A1u1 t—1) - (SA /29'” vl 4 g4, 29”2“ 1 )] gt

h(t) = (5.18)

The rate of change of the height of water in the tank can also be obtained using Equation 5.4:

M = Alul(t— 1) - {34, 2gv(t_ 1) + Ay QQM
t Ar Ar

5.3 Fault Detection Demonstration

This section describes the construction of the water tank simulation and fault tree capability.
Figure 5.2 illustrates how the data flows between the fundamental elements of the simulation

and these are described in more detsail in Section 5.3.1 to 5.3.5.

Configuration
Faults
Induced

System
Description Water Tank Program
File \
Data File in .CSV
Fault —
Tank Format
Tree
Model .
[Capability]
Fault Tree /
Branch
File

Fault
Trees

Figure 5.2: Data flow between major components of water tank simulation

Information regarding the system status is input into the simulation through the system
description and fault tree branch files. This will update the system behaviour and then
any deviations obtained are used in the fault tree capability, The system outputs a file
containing the system configuration and any faults induced in the system, also system data
from the simulation and any potential failures present. More information regarding the

input and output files for the system are shown in Appendix B.

100



Development of a Simulation Model and Fault Detection Demonstration Fault Detection Demonstration

The following list contains an overview of how the program works:
e Changes to the system tank model status and the fault trees are input into the
program.
e The changes made to the system are output to a file.
¢ The simulation is executed for a given amount of time steps.
e At each print step information from the system is output to a file.

e The actual and expected sensor readings are compared at each check step for the

given mode of operation.
e A scenario for the system is identified.

o A TOP event structure is constructed for the identified system scenario for each of

the four schemes.
o Cut sets/prime implicants are obtained and minimised.

o The coherent approximation is performed and the list of potential causes for each

scheme re-minimised.
e The potential causes of failure for each scheme are output to a file.

o The most likely cause of failure is ascertained through the use of importance measures.

The water tank simulation has been verified as representative of a real system by the
comparison of its results against those results identified for each of the schemes using
FaultTree+. These have also in turn been compared to those expected, which were identified
by hand. More information regarding the use of FaultTree+ and the identification of actual

possible causes of failure can be found in Chapter 4.

5.3.1 Input Parser

The input parser processes the contents of the system description file and the fault tree
branch file. It tokenises each line, removing spaces and commas. For instance, an input
line in the system description file could be ‘VALVE1l STATE FAILEDQPEN 0.00’ and this
becomes ‘VALVEL’ ‘STATE’ ‘FAILEDOPEN"’ ‘0.00".
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The program parses the tokens of each of these files to check if each line input is a
representative of a valid state change, variable assignment or random failure. If the tokens
do not form a valid statement an error is generated informing the user of the number of

the invalid line.

5.3.2 Simulation Model

The model of the water tank system is represented using a series of C data structures.
Each structure contains information about a particular system component. Figure 5.3 is a

simplified class diagram showing the attributes of components within the model.

Sensor valve
Controller Valve
nurmber . int < moda : int number : int
tiggerLevel : double number : int state : Int
state : int sensor ) /
state : int
mantalValue
2
controllers
MainSuppl
pRY otray OverSpillTray
state : int . Tank stato : int
n :
Inflow : double ankSystem
e vars
msupply
Variables
phase timeStan : doublel
pipes tank timeEnd : double
6 timelnc : double
stemPhase| checkStep : int
Sy Pipe Tank R P
state - int printStep : int
radius : double pipeLevel . double rProbStep : int
number : Int waterLeve! : double
length : double radius : double
area : double height : double
state : Int capacity : double
state : int

Figure 5.3: Class diagram showing the component attributes

Each component has attributes defined by a structure with associated functions declared in a
corresponding module. For instance, a pipe structure has attributes number, length, radius,
state and area. Functions that operate with the pipe include ‘pipeInit()’, ‘pipeSetstate()’
and ‘pipeWaterCanFlow()’.

The level control in the simulation takes into account the state of the components that
direct the flow of water. These are namely the control loop containing valve V1, controller
C1 and sensor S1 for water flowing into the tank and the loop with valve V3, controller C2

and sensor S2 controlling the amount of water leaving the tank through the safety valve.
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When the components are working normally the sensors will indicate that the water level
is as required. Flow into the system will occur when the level sensors are reading low and
C1 in this case will keep V1 open to allow the water level to be replenished. If the sensors
indicate a high level of water C2 will open V3 in an attempt reduce this.

If either of the controllers has failed the simulation will ignore the reading from the
corresponding level sensor and will instruct the appropriate valve to open or close based on
the failed state. Likewise a failed valve will ignore requests from the controller to open or

close as required and continue in its current state.

Within the simulation each controller has been given a mode to enable the same code to
be used to model both. The mode allows them to take different actions depending on the
readings from the sensors. C1 is said to be in an ‘inverted mode’ so will keep V1 open when
the sensors are low. C2 is in a ‘normal mode’, therefore opens V3 when the sensors are

reading a high water level.

5.3.3 State Change Mechanism

The state change mechanism causes changes to the states of the model’s components either
by user request or random generation via the system description file. Each change occurs at
the end of the time interval at which it is stated to start from. The name of the component
to be changed, a new state for the component and an optional time for this change to take
place is required to cause the occurrence of a change in state. All changes are sorted and
stored in order of time and component, and these are output to the configuration file as
described in Section B.3.1.

5.3.4 Main Loop of the Simulation

At the core of the simulation is a ‘loop’ that iterates from the start to end time of the
analysis, At each time step the current time is increased by the time increment d¢t. A

flowchart illustrating the operations performed by the main loop is shown in Figure 5.4.

Before the loop commences the time variables are initialised and state changes that have
been set to occur at the start are induced. After this intialisation the current time is
incremented and the program enters a while loop that cycles whilst the current time is less

than or equal to the end time.
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{ Start '

Set up
variables
Report state
changes
Induce Failure Generate
state changes step? random failure

Check using
fault trees

Increment
time

Print results
and states

Operate
level control

Calculate level
and flow rates

Increment
counters

Figure 5.4: Flow Chart for the main loop of the water tank simulation

The first time point to involve any calculation is the ‘start time +dt’. For this and every
increment until the end time the body of the loop is executed. Each time round the loop the
counters for the print, check, and random failure time steps are incremented. The level and
flow rates are then calculated and the controllers are operated depending on the readings
from the level sensors throughout the system operation. The print and check counters

within the system are then compared to see if they indicate the need to output data or
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check for failures.

In order to constantly monitor for failures, the program has been set to check the sensor
readings for any deviations at every time step. Before the next iteration commences the
state changes are applied to the current time step and written out to the configuration file.

The value of the current time step is incremented by dt and the loop iterates again.

5.3.5 Fault Tree Capability

The identification of the potential causes of failure and the prediction of the most likely
cause, when there is more than one possibility, is conducted in the second part of the
program. This section uses the sensor readings for VF1, VF2, VF3 and SP1 along with the

identification of the system operating mode that are supplied by the simulation model.

The failure logic diagrams produced for the water tank system represent the causes of
any sensor readings and are outlined in Chapter 4, Section 4.3. The trees for each sensor
reading are input into the program and used when indicated by the given system scenario.
All possible causes of a scenario are obtained by constructing a TOP event structure from
the information given by the observation points within the system. The fault trees for
the obtained sensor readings are combined using an AND gate. The program constructs a
TOP event structure for each of the four schemes described in Section 4.4 to illustrate their
individual results. In the event that the system is working as required no fault tree will be

generated for schemes 1 and 3 as these do not take into consideration consistency.

5.3.5.1 Fault Tree Generation

The fault trees are represented in the program’s code using an ‘n-tree structure’. Each
tree node can contain up to n branches. The structure is illustrated in Figure 5.5. Basic
events in the fault trees are built into the code as ‘terminal nodes’ and each of these has a
‘component name’ and ‘state’. Intermediate events are represented by ‘non-terminal nodes’
and each has a related AND, OR or NOT gate. A NOT gate will only ever contain a single
branch. The coherent and non-coherent fault trees for each of the deviated sensor readings
are loaded from the fault tree branch file and this information is used to generate the fault

trees,
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Non
Terminal
Node

Terminal Terminal
Node Nede

Figure 5.5: Fault tree structure
5.3.5.2 Combining of Fault Trees for Given Sensor Readings

At any given time the sensors must indicate one of the 16 scenarios listed in Chapter 4,
Table 4.1. If the system is ACTIVE the sensors should show the readings listed in scenario
4 of Table 4.1. When the system is DORMANT sensor readings should correspond to
scenario 16. When the readings do not match the model behaviour it suggests a fault exists
in at least one of the system components. Potential causes of system failure can be obtained
by constructing a top event structure from the information provided by VF1, VF2, VF3
and SP1. A top event structure can be constructed from 0 (if there are no failures) to 4 (if
all sensors fail or consistency checks are used) sensor readings, depending on the scenario,
phase and scheme. Fault trees for the sensor readings are combined to form a top event
structure for the scenario using an AND gate. This fault tree is built by the program and
output to the fault file (see section B.3.3). Figure 5.6 illustrates how the status of each

sensor is used to form the TOP event structure.

TOP
Event

| ]

Status of Yolume | | Status of Velume | {Status of Vaolume Status of
Flow Rate Flow Rate Flow Rate Overspill Sensor
Sensor VF1 Sensor VF2 Sensor VF3 SP1

Figure 5.6: Typical TOP event structure built by the water tank simulation program
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5.3.5.3 Cut Set Extraction

Cut sets are obtained for the given sensor readings by recursively traversing the fault trees
and applying the operations described by the non-terminal nodes. A cut set is made up of
terminals, which represent the basic events in the program code. Each cut set is represented
using a non-balanced ‘binary-search-tree’ structure. Sets of cut sets are represented using
a dynamic array, each element of which is a pointer to a cut set’s binary search tree, as
illustrated in Figure 5.7. This dynamic array consists of n cut sets for a given fault tree.
The first cut set in the example (entry 0 in the array) is of order two and the second (entry
1) of order three.

Each of the terminals in these cut sets would have a component name, state and negated flag
(to indicate a working component). Using the binary tree structure means that a terminal
can appear at most once in each cut set, which aids the minimisation procedure. A cut set
may appear more than once in the dynamic array, however in each cut set there will not be
any repeated component failures. Any branches of the fault tree that are negated can also
be recursively traversed, the cut sets extracted, minimised and placed into the dynamic

array along with the rest of the cut sets.

Dynamic Array of Cut Sets
A

2 n—1

A

Figure 5.7: Structure of binary search trees in the dynamic array

-——— | O
e e —
——-1-e

5.3.5.4 The Minimisation Procedure

The first part of the minimisation procedure occurs when the cut sets are extracted and
placed into the dynamic array. The second part of the procedure process involves removing

any cut sets from the dynamic array that are not minimal. Each cut set is compared with
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each other to ensure that no cut set is a subset of or exactly the same as another.

For two cut sets A and B, if A C B where A contains fewer elements than B then cut set
B would be removed from the list. Also, there is the possibility that A = B, so in this
case one of the copies of the same cut set will be removed. The removal of duplicated cut
sets is implemented using a similar procedure to that used by the MOCUS algorithm [29].
The time complexity of the algorithm is non-linear and therefore a more efficient solution
to minimisation needs to be found. This does however limit the use of this software in a
real time application, and therefore a more efficient solution to minimisation needs to be

found.

5.3.5.5 The Coherent Approximation Procedure

Some of the cut sets in the dynamic array may contain negated terminals. Once the cut
sets have been extracted and minimised for the dynamic array, the negated terminals from
the sets may be removed. Minimisation takes place again as the cut sets may no longer
be minimal. This procedure ensures that all minimised cut sets are only made up from

potential causes of failure and not working state modes.

5.3.5.6 Measures of Importance

In the majority of cases more than one potential cause of failure will be obtained, as
discussed in Section 4.5.3.4 and shown from the results obtained. In order to deduce the
most likely outcome reliability theory can be utilised to rank the potential failure causes
obtained. The unavailability for each component failure is given by Equation 3.35. Is has
been assumed that the repair rate is 0. The Fussell-Vesely measure of minimal cut set
importance [29] is used to rank the cut sets obtained from the analysis and is shown in
Equation 3.49. Qsys in this equation is calculated using the Rare Event approximation, as

shown in Equation 3.45.

5.4 Simulation Results

There are three ways in which failures can be generated for the water tank system: through
manually inducing a failure at a specified point in time for a selected component, by

randomly generating a specified number of components to fail at a given point in time,
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or through use of the unavailability of each component (See Appendix B).

Example Induced System Failure

The first example shows the results obtained for a failure induced into the system at a
specific point in time. A component state change can be induced at any specified time
in the simulation and does not necessarily have to be a system failure. For instance, the
system can be switched to ACTIVE from DORMANT at a specified time without a failure
taking place.

Two failures - sensor S2 fails high (S2FH) and tank leaks (TL) - were induced into the
system at the same time in the ACTIVE operating mode. The simulation identified that
there was flow leaving the system at VF3 and water was detected in the overspill tray at
SP1, indicating that the system was in scenario 1 in Table 4.1. There were 102 potential
causes of failure identified using scheme 1 in this case. However, only 15 of these were
actually valid for the top event. The potential causes of failure obtained for each of the

four schemes are listed in Table 5.1.

Results from Results from Results from Results from
Scheme 1 Scheme 2 Scheme 3 Scheme 4
Valid Obtained | Correct [Obtained | Correct Obtained Correct |Qbtained } Correct Actual
Potential Potential {Potential [Potential Potential Potential (Potential (Potential [Possibilities
Causes Causes | Causes | Causes Causes Causes | Causes Causes

1) S2FH.TL S2FH.TL [S2FH.TL |52FH.TL S2ZFH.TL S2FH.TL {S2FH.TL |S2FH.TL S2FH
2) C2FH.TL IC2FH.TL [C2FH.TL [C2FH.TL C2FH.TL IC2FH.TL [C2FH.TL [C2FH.TL C2FH
3) VIFQ.TL V3FQ.TL V3FO.TL V3FO.TL V3FO.TL [V3FQ.TL [V3FO.TL {V3FO.TL V3FO
4) |V1FO.P3B.TL V1FO.P3B.TL
5) {V1FO.P3F.TL V1FQO.P3F.TL
6} |V1FO.P4B.TL ViFO.P4B.TL
7 V1FO.V2FC.TL [V1FO.V2FC.TL
8) | S1FL.P3B.TL S1FL.P3B.TL
9) | SIFL.P3F.TL S1FL.P3F.TL
10) | S1FL.P4B.TL S1FL.P4B.TL
11) |SIFL.V2FC.TL S1FL.V2FC.TL
12) | C1FL.P3B.TL CI1FL.P3B.TL
13) | C1FL.P3F.TL CIFL.P3F.TL
14) | C1FL.P4B.TL CI1FL.P4B.TL
18) [C1FL.V2FC.TL C1FL.V2FC.TL

Table 5.1: Results obtained for schemes 1 to 4 when the system is induced with
the failure V2FC.TL in the ACTIVE operating mode

Only the potential causes valid (those that can actually occur) for the given top event
obtained in scheme 1 are shown. The most likely cause of failure obtained using Fussell-
Vesely measure of minimal cut set importance measure was found to be S2FH.TL, which in
this case is correct. However, this measure may not always be this accurate. For instance,

the same most likely cause of failure would have occurred if valve V3 had failed open and
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the tank could leak resulting in the same scenario.
Example Random Failure

The random component failure feature is enables the generation of a fixed number of random
component failures at a specified time. Any failures in the system may not always have
an immediate effect on the system functionality. For example, a failure randomly induced
into the system was valve V1 failing closed (V1FC) at time ¢t = 120s in the DORMANT
operating mode. In this case the fault was not detected by the fault tree capability for any
of the four schemes because valve V1 is expected to be closed in this mode. Therefore it
would not be indicated until the system became ACTIVE or through a change in scenario.

This highlights a restriction in the analysis.

Example Failure Based on Unavailability

Valve V3 fails open (V3FO) was an example failure input into the system depending upon
the unavailability of each component. The fault was detected by the fault tree capability

for each of the four schemes, the results from which are listed in Table 5.2.

Results from Results from Results from Results from
Scheme 1 Scheme 2 Scheme 3 Scheme 4
Obtained |Correct [Obtained | Correct | Obtained |Correct [Obtained | Correct Actual
Potential fPot.entinl Potential [Potential | Potential otential [Potential [Potential [Possibilities
Causes Causes | Causes | Causes Causes Causes | Causes | Causes

1) S2FH $2FH S2FH S2FH S2FH S2FH S2FH S2FH S2FH
2) C2FH C2FH C2FH C2FH C2FH C2FH C2FH C2FH C2FH
3) V3FO V3FO VIFQ V3FO V3FO V3FO V3Iro V3FQ V3FQ
4} | V1IFO.P3B V1FO.P3B
5} [ VIFO.P3F V1FO . P3F
6) | VIFO.P4B V1FO.P4B
7) [VIFO.V2FC V1IFO.V2FC
8) | S1FL.P3B S1FL.P3B
9) | S1FL.P3F S1FL.P3F
10) | SIFL.P4B S1FL.P4B
11) |[SIFL.V2FC S1FL.V2FC
12) | C1IFL.P3B C1FL.P3B
13) | C1IFL.P3F C1FL.P3F
14) | C1FL.P4B C1FL.P4B
15) [C1FL.V2FC C1FL.V2FC

Table 5.2: Results obtained for schemes 1 to 4 for the occurrence of V3FO
through unavailability in the ACTIVE operating mode

At each specified time step within the analysis the components are checked for failure and
for the type of failure that has occurred. The system scenario are determined to be number
2 in Table 4.1. The most likely cause of failure obtained using Fussell-Vesely measure of

minimal cut set importance measure was found to be S2FH, which in this case is incorrect,
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however, this failure is in the list of possibilities identified.

5.5 Summary

¢ This chapter has described the development of a computer program to simulate the

system and implement the four fault detection schemes introduced in Chapter 4.

¢ The program consists of two main parts. The first is a model of the water tank and
its components. The second part of the program demonstrates the fault detection
method.

e System status is determined using readings provided by the flow sensors VF1, VF2
and VF3 situated after the three valves, and the overspill tray sensor SP1.

o Component state changes can be induced to occur at a specific point in time, randomly

or depending on the unavailability.
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Chapter 6

Consideration of Dynamics

6.1 Introduction

Chapter 4 contained a discussion of the results obtained for the four fault tree based schemes
that were described. It was found that scheme 4, which uses non-coherent fault trees, and
checks for consistency by using information from all the observation points is the most

accurate at modelling system behaviour.

An important issue highlighted was the need to consider dynamics in the analysis in order to
improve the method and obtain more accurate results. Transient effects are now discussed
in more detail in this Chapter. This will include investigating time history, rate of change
of height and the level of water in the tank. The simple water tank level control system
introduced in Chapter 4 is used to demonstrate the dynamic features of the method. The
system has two operating modes, these being ACTIVE and DORMANT, each of which
identify the expected system behaviour depending on the exact flow of water in and out of

the system.

Another factor to consider is the scalability of the method and how well it could be applied
to a larger system. The size and number of fault trees analysed will need to be reduced when
used on a bigger system. In addition bounds are required on the fault tree development
to restrict the causal relationships to those of the control systems on each stream. The
results in Chapter 4 showed that a consistency check is required to produce an accurate list
of potential causes of system failure. The use of a check against those parts of the system

known to be working in the dynamic method is also considered in this chapter.
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6.2 System Stages

The fault detection and identification process is performed in two stages. The first is the
modelling and preparation stage, during which information required concerning the causes
and consequences of failures in the system’s sections is gathered. This information is stored
and used in the application stage to identify component failures that cause the observed
symptoms. The stages are described in more detail in Sections 6.2.1 and 6.2.2 respectively.

6.2.1 System Modelling and Preparation Stage

The modelling and preparation stage is the part of the analysis in which all available

information about a given system is collected and used in preparation for application.

1. The first task is to divide the system up into sections or subsystems. These should
be parts of the system that can change the process variables by either normal control

action or through the occurrence of a component failure.

2. The subsystem process variables that are to be measured, such as flow, temperature,
pressure or level are identified. Sensors can then be incorporated into the system in

order to monitor these variables if not already present for control purposes.

3. All the possible modes of system operation are identified. Assumptions to be made

that can affect the operation of the system are also listed.

4. All system scenarios are developed. The scenarios consider all possible deviations in
the process variables on each section. They may be failed high, low or be working
as normal. On sections where there is a control system, the deviations may be due
to control system failures. Deviations can also occur due to the failure of passive
components such as pipes or wires. Some sections may contain only passive elements
of the system in which case changes in the related process variable will only happen

when a failure mode occurs or changes in section inputs and outputs.

5. For each of the system operating modes identified, a set of potential patterns from
the readings obtained from each section are developed. Only the shape of the sensor

reading pattern is required.

6. Fault trees for causes of the process variable deviation at each of the sensor locations

used to define the scenarios are drawn. Each fault tree is developed down to the
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component failures in the system. Fault trees may be drawn for absolute values or
rates of change, depending on what information is considered useful for the particular
system. For any normal system behaviour causes of sensor readings are developed
using success trees, which describe all the components in the system that must be

working correctly in order for that outcome to occur.

These stages are now demonstrated using the water tank system.

6.2.1.1 System Division

The water tank system can be split into five sections as shown in Figure 6.1. Each section
is indicated in the diagram by the dashed lines, three of which contain a valve, the fourth

includes the tank along with its level and the fifth section contains the overspill tray.
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[ Ep———————————

Figure 6.1: Water tank system sections

6.2.1.2 Identification of System Sensors

The flow in and out of the system is observed using 3 flow sensors that are situated next
to each valve to measure the flows, as described in Chapter 4. The sensors are denoted
by VF1, VF2, VF3 for the locations V1, V2 and V3 respectively (see Figure 6.1 for an
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illustration of the water tank system). It is now assumed that each of these sensors can
measure the exact flow rate at their particular location in the system. A fourth sensor SP1
is located in the overspill tray (TRAY) to detect if there is any loss of containment of water
in the tank.

6.2.1.3 Identification of Process Variables

The overall aim of the system is to control the water level in the tank, therefore this is the
key system variable in this example. The flows in and out of any part of the system are
dynamic factors that affect the level of water in the tank, which can be calculated from
the measurements taken by the 4 sensor readings and also obtained directly from the level
sensors S1 and S2. The height of water is now considered in 6 discrete categories: empty
(E), low (L), normal (N), high (H), very high (VH) and full (F), as shown in Figure 6.2.

The tank is expected to stay within the ‘normal’ level threshold under normal operating

conditions.
—T Full
Very High
High | |
Normal L + Required Level
Low
—— Empty

Figure 6.2: Discrete height categories

The system will start out at the normal level, which it aims to maintain throughout the
operation. If any other level is obtained this indicates that a failure of some kind has
occurred in the tank system. For instance, an empty or low water level implies that there
has been more flow out of the system than is going in. In this case, flow in would be
expected in order to try and replenish the system. A high level is caused by more flow into
the system than out and indicates that the level is over the normal threshold in the tank.
If the level becomes very high or full the safety valve would normally operate in an attempt

to reduce the water level.

115



Consideration of Dynamics System Stages

6.2.1.4 System Scenarios

The valves at the sensors VF1, VF2 and VF3 can be working (WK), be providing unrequired
or high flow (HF) or not allowing flow when needed, resulting in ‘low flow’ (LF). The
conclusion that a control valve system is working indicates that the valve at this point
is opening and closing as and when required by the system, therefore providing flow and
no flow on demand for the chosen operating mode. If high flow occurs one of the valves
is causing uncontrollable water flow into or out of the system. Low flow will result in
uncontrollable no flow occurring, therefore at this point in the system there is no water flow
when required. The two latter possibilities are the result of a failure occurring somewhere
in the system. The sensor in the overspill tray SP1 can indicate that the tank is working
(WK), or that a failure has occurred causing water to accumulate in the tray (TF). From
the flow sensors at V1, V2, V3 and in the TANK there are 54 different potential scenarios
that can possibly occur, as listed in Table 6.1.

Scenario V1 V2 V3 TANK Scenario V1 V2 va TANK
1 WK WK WK WK 28 HF HF HF TF
2 WK WK WK TF 29 HF HF LF WK
3 WK WK HF WK 30 HF HF LF TF
4 WK WK HF TF 31 HF LF WK WK
5 WK WK LF WK 32 HF LF WK TF
[ WK WK LF TF 33 HF LF HF WK
T WK HF WK WK 34 HF LF HF TF
8 WK HF WK TF 35 HF LF L¥ WK
9 WK HF HF WK 26 HF LF LF TF
10 WK HF HF TF 37 LF WK WK WK
11 WK HF LF WK 38 LF WK WK TF
12 WK HF LF TF 39 LF WK HF WK
13 WK LF WK WK 40 LF WK HF TF
14 WK LF WK TF 41 LF WK LF WK
15 WK LF HF WK 42 LF WK LF TF
16 WK LF HF TF 43 LF HF WK WK
17 WK LF LF WK 44 LF HF WK TF
18 WK LF LF TF 45 LF HF HF WK
19 HF WK WK WK 46 LF HF HF TF
20 HF WK WK TF 47 LF HF LF WK
21 HF WK HF WK 48 LF HF LF TF
22 HF WK HF TF 49 LF LF WK WK
23 HF WK LF WK 50 LF LF WK TF
24 HF WK LF TF 51 LF LF HF WK
25 HF HF WK WK 52 LF LF HF TF
25 HF HF WK TF 53 LF LF LF WK
27 HF HF HF WK 54 LF LF LF TF

Table 6.1: System Scenarios

The working state includes situations where a failure has occurred on a component causing
a valve to operate in a certain way to try and rectify the problem. For instance, if the level
of water in the tank rises too high the safety valve is expected to open. This indicates that
a failure has occurred in the system, but this valve has acted correctly in order to rectify
the problem. Any drop in the level of water in the tank will cause valve V1 to open and

this will stay open until the level is replenished, regardless of the system operating mode,
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as the level of water in the tank is always expected to be normal.

6.2.1.5 Modes of System Operation and System Assumptions
6.2.1.5.1 Modes of System Operation

The water tank’s two modes of operation are ACTIVE and DORMANT. If ACTIVE, water
is taken out of the tank through valve V2 and replaced by water coming into the system
through V1 from the main supply. There is no flow out of V3 and no water exiting the tank
to the overspill tray. When in the DORMANT mode valves V1, V2 and V3 would remain

closed and the overspill tray would be empty.

Taking dynamics into consideration, if the system is ACTIVE then in addition to flow in
at V1 and flow out at V2 a ‘normal’ water level will be expected. The level of water in the
tank may fluctuate but should not rise above or fall below the normal threshold shown in
Figure 6.2. In the DORMANT operating mode the level of water in the tank is expected

to again be ‘normal’, with zero rate of change.

6.2.1.5.2 System Operating Assumptions

In addition to the assumptions made in Chapter 4:

e Originally it was assumed that a rupture in the tank would cause no flow out of any
of the valves in the system. However it would take time for the tank to empty and

this is now identified in the analysis.

e Flow out at the subsection containing valve V2 or V3 and a leak in the tank cannot

be compensated for by flow into the system.

6.2.1.6 Potential Patterns

The flow rate measurements taken from the sensors VF1, VF2, VF3 and SP1 can be used
to build up a flow rate history at these particular locations in the tank over a period of
time. From these a pattern of the history can be identified and used to obtain a list of
scenarios that the system can potentially be in from the 54 possibilities listed in Table 6.1.
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The level of water in the tank and the rate of change can be calculated from the readings.
In a similar way as described for the sensors these two pieces of information can be used
to build up a history of the level of water in the tank over a period of time. Tables 6.2
and 6.3 show the expected patterns for the system when in the ACTIVE and DORMANT

operating modes respectively.

Scenarics V1 V2 V3 TANK Level

1, 5, 7, 11, 19, 23, 25, 29 ‘f‘_ l/ I M
o 1 i 0

Table 6.2: Expected readings when the system is
in the ACTIVE operating mode

Scenarios V1 V2 v3 TANK Level

1, 5, 13, 17, 37, 41, 49, 53

Table 6.3: Expected readings when the system is
in the DORMANT operating mode

Each table indicates patterns in the sensor readings taken over a period of time from the
start of the current operating mode, i.e. from when the system became ACTIVE or when it
becamne DORMANT. These are for the four locations in the system, indicating the amount
of flow at the volume flow rate sensors and the amount of water in the overspill tray. The
level pattern illustrates how the reading has changed over time, from which the rate of
change can be determined. Any pattern of results that is different from those set out for
the system in the ACTIVE and DORMANT operating modes will indicate that a failure
must have occurred somewhere in the system. Failure conditions within the system can

exist at the start of and may also occur during an operation.

There are a number of scenarios for the system that indicate the expected system behaviour
when in the ACTIVE operating mode, as listed in Table 6.2. Scenario 1 however, is the only
one where the system is working correctly producing the 4 given sensor readings and level
pattern. The remaining 7 possibilities all contain an unrevealed failure of some kind whose
symptoms are masked. Flow in and out of the system could be occurring as expected,
but there could still be a hidden failure somewhere in the system. A way of checking
the system for unrevealed failures would be to switch the operating mode from ACTIVE
to DORMANT. In this case failures in scenarios 7, 11, 19, 23, 25 and 29 would become

apparent. Failures would not be identified in scenario 5, which indicates a problem at valve
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V3, unless the level of water in the tank rises to or above very high, at which point the
safety valve should open. Similarly any failure linked to V3 in scenarios 11, 23 and 29 will

also remain undetected.

For the DORMANT operating mode, Table 6.3 shows the sensor readings for the expected
behaviour. Scenario 1 is again the only one which indicates the system is working correctly;
all other scenarios having the same symptoms contain at least one unrevealed failure.
The system could be seemingly working as expected, with all three valves closed and no
water in the spill tray, however one of the valves could be closed due to a DORMANT
component failure. This will not be identified until either the system is switched into the
ACTIVE operating mode, or another failure occurs causing that particular valve to be
open. Switching modes would reveal failures in scenarios 13, 17, 37, 41, 49 and 53. This
will not reveal any failures in scenario 5, nor a failure causing a problem at V3 in scenarios
17, 41 and 53.

When a control valve system is deemed to be working in a scenario it can only be assumed
that those component states which would cause a counter result cannot be valid. For
instance, if there is flow at V1 then anything that could cause no flow can be eliminated
from the list of possibilities, and if the reading is no flow then anything that could cause
immediate flow can be omitted. Any readings in a scenario that are true to the operating

mode are indicated using success trees.

Regardless of whether the system is ACTIVE or DORMANT, if the level of water drops to
low or even empty, flow is expected into the tank in order to try and replenish that lost.
This drop into a discrete level category away from normal will indicate that a failure has
occurred in either of the two operating modes. If the water level rises to very high then
flow out of the safety valve will be expected. Both of these kinds of flows are ones that are

potentially the result of a failure located elsewhere in the system.

If the level of water in the tank rises to high, there should be no flow at V1, regardless of
the operating mode. Flow into the system when the level is high can only be the result of
a failure at valve V1 causing it to open. If the level in the tank is below normal and there
is no flow, then the failure stopping flow can only be something at that particular control

valve system in the tank preventing flow in.

119



Consideration of Dynemics System Stages

6.2.1.6.1 Identification of Potential Scenarios

The flow sensor and level patterns are used to obtain an overall list of potential scenarios
that the system could be in. Analysis is also performed looking just at flow sensor patterns
as a comparison of results. A technique similar to the decision tree approach used by
Novak [18-21] is used to establish a list of scenarios for each set of patterns obtained for
the chosen operating mode. A tree of this kind can be used to identify the operating mode,
and the flow patterns at the flow sensors, in the overspill tray and the level of water in the
tank. The 54 different potential scenarios for the system listed in Table 6.1 have been sorted
into tables depending on the patterns and system operating mode as shown in Tables 6.4

and 6.5. An example tree is illustrated in Figure 6.3.

DORMANT

No (ACTIVE)

Vi
Sensor
Pattern

Sensor
Pattern

Figure 6.3: An example decision tree for the water tank system

6.2.1.6.2 Identification of Potential Scenario Causes

A method was developed in Chapter 4 that compared the expected system behaviour with
that observed in order to reveal any potential faults in the system. This technique is now
extended to consider the dynamics of the system. A fault tree has been constructed for each
of the deviated sensor readings from the observation points by taking into consideration the
pattern history. Symptoms that indicate an observation point to be working are included in

the analysis using success trees. Both fault and success trees are non-coherent in structure.

At any given point in time the patterns from the sensors must indicate that the system is

potentially in at least one of the 54 possible system scenarios listed in Table 6.1.
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TOP Bvent Scenario V1 V2 V3
ACTIVE1 4, 10, 22, 28

ACTIVE2 3,9, 21, 27

ACTIVE3 2, 6, B, 12, 20, 24, 26, 30

TANK Level
7am I AN B N N D i N
7 N I IR N P, N
ACTIVES | 1,5,7,11,19,28,25,20 |  }— | L L =
ACTIVES | 1,5,7,11,19,28,25,20 | 1— — L | 1
AcTIVES 16,54 g /AN I P I N,
ACTIVE? 15, 33 i~ | AN | 1N
ACTIVES 14, 18, 36 — | | L= | =
ACTIVES 14, 18, 32, 36 v | [ L— L
ACTIVEND » =1 | L= |
acTIvEN a6 i | L= =
acTIVER = L L L= | =
ACTIVE13 13, 17, 31, 35 — | L l —
ACTIVEL1 13, 17, 31, 35 v | L L A
ACTIVELS a1 I | 1AA L ™"
ACTIVE1S 40, 46 J_ 1& 1& [/ o
ACTIVELT 39, 4 | AN AN l .
ACTIVELS 38, 12, 44, 48 | ™. L L= -
ACTIVELS 37, a1, 43, 47 | ™ L | 1
ACTIVERD - | l NG = I S
AcTIVERS . | | I~ L] b
ACTIVE22 50, 54 | f I_ 14 L
ACTIVE23 13,17, 49, 53 | | L L  —
o | we | L] L | L | |4

Table 6.4: Possible system readings and their potential scenarios
when the system is ACTIVE
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TOP Event Scenario vi V2 V3 TANK Level
DORMANTI 10, 28 t V\ V\ I/ k
DORMANT?2 9, 27 E V\ 1[\ | L
DORMANTS 8, 12, 26, 30 i ™ | | N
DORMANT4 7,11, 25, 20 t V_ I | "'—
DORMANTS 7,11, 25, 29 K V\ | L .
DORMANTS 4,16, 22, 34 jC J__ V\ |/ L
DORMANTY? 3, 15, 21, 33 E | ™~ | L
DORMANTS 2,6, 14, 18 t | | I/ ~|—
DORMANT9 2, 6, 14, 18, 24, 32, 36 E I | I/ L
DORMANTI0 20, 32 E J_ 1/\ A I/ b
DORMANTI1 24, 36 [ | I |/ -I/—
DORMANTI2 23, 24, 36 E | | | -
DORMANT13 1,5,13, 17, 31, 35 t | | T —
DORMANT14 1, 5, 13, 17, 31, 35 E | I [ k
DORMANTIS 19, 31 E I_ m | W
DORMANTI1G 46 ,l_ V\ V\ l/ :&
DORMANTI7 a5 .,I_ 1& ™~ 1 | .
DORMANTI8 44, 48 .l_ K\ l I/ j};__
DORMANTIS 13, 17 l_ m L_ I_ L
DORMANTZ20 40, 52 l_ l V\ I/ K
DORMANT21 39, 51 .l_ | V\ I ‘I\
DORMANT22 38, 42, 50, 54 }_ I | ’/ L
DORMANT23 | 1,5, 13, 17, 37, 41, 49, 53 I__ f I L_ "i:
DORMANT24 37, 41, 49, 53 I___ | ’ [ »}\

Table 6.5: Possible system readings and their potential scenarios

when the system is DORMANT
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A list of possible scenartos that the system could be in is obtained for each set of sensor
patterns, which are shown in Tables 6.4 and 6.5 for the ACTIVE and DORMANT operating
modes respectively. Under normal operating conditions the system is expected to exhibit
the sensor and level patterns for the ACTIVE4 operating mode as shown in ACTIVE and
DORMANT?23 for the DORMANT mode.

6.2.1.7 Fault Tree Development

Initial investigations showed that non-coherent fault trees, which are constructed using
both working and failed components, provide more reliable results compared to analysis
performed using coherent fault trees (see Chapter 4). Therefore only non-coherent fault

trees were used when considering the system dynamics.

6.2.;.7.1 Fault Tree Construction

Each fault tree is drawn by taking into consideration the potential causes of failure for each
unit in order to restrict these to their own part of the system and inputs and outputs to that
section. As an example the fault tree for low flow in section 2 (V2), labelled, ‘Section 2 (V2)

Low Flow’, is described in this Section, the remaining fault trees are given in Appendix C.

Causes of failure observed from the level of water in the tank can also be considered in
the analysis. Fault trees are drawn for each of the failure modes. The level pattern for
the system can either be within the normal threshold (expected behaviour), decreasing,
increasing to very high and then decreasing when the safety valves opens (oscillating), or
increasing uncontrollably to full. The tank section contains the level, which is a key factor
within in the analysis. The level pattern from the tank takes into consideration all system
behaviour as it is affected by all other sections within the system. Therefore the fault trees

for the level patterns are as complex as those that were drawn for the original analysis.

Regardless of the level of water in the tank, it has been assumed the system can compensate
for flow out through valve V2. Any flow greater than this will result in a decreasing level. A
leak in the tank is assumed to have a smaller flow out than that at V2, so a failure causing
flow into the system alongside a leak would result in a rising water level. Originally it was
assumed that a rupture in the tank would cause no flow out of any of the valves in the
system. However it would take time for the tank to empty and this is now identified in the

sensor and level patterns.
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Low Flow in Section 2 (V2)

The non-coherent fault tree presenting the causes of low flow in section 2 (V2) is shown in
Figures 6.4 and 6.5. No flow at V2 can either be because the system is DORMANT and
NOT ACTIVE, so a no flow phase is expected at the valve (DORMANT, ACTIVE), hence
failures indicating no flow at V2 cannot be detected under normal operating conditions, as
illustrated in Figure 6.4. The only piece of information known is that the valve has not

failed open (V2FO), else flow would occur.

Saction 2 (v2)
Low Flow
The Systemis The System iy
DORMANT ACTIVE
No Flow Phase NOT Flow [ |Valve V2 Does || Fiow Phase NOT No Flow ‘Water Cannot
Through Vabve ||Phage Through | | NOT Fail Open || Through Valve || Phaee Through Pass Through
v2 Vabe V2 Valva V2 Pipas P3 or Pd

e © & &

Valvs V2 Fails Failure in
Cloged and PipaPaor

NOT Open Pipe P4

LA

Valve V2 Faila || Vabve V2 Does
Closed NOT Fad Gpen

) @

Figure 6.4: Non-coherent fault tree for low flow in section 2 (V2)

If the system is ACTIVE and there is water flow at V2 then there must be a failure
preventing flow out (ACTIVE, DORMANT), as shown in Figure 6.4. Therefore V2 could
be failed closed (V2FC) and not open (V2FO) or there could be a failure in pipe P3 or
P4. Pipe P3 could be blocked (P3B) and not fractured (P3F), or fractured (P3F) and not
blocked (P3B). Lastly, pipe P4 could be blocked (P4B) and not fractured (P4F), as shown
in Figure 6.5.

The prime implicants for ‘low flow in section 2 (V2) are listed in Table 6.6. There are 4
in total, all order 2. Table 6.7 lists the potential causes of failure for ‘low flow in section
2 (V2 obtained after performing the coherent approximation, each of which are of single

order.
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Feirg in
Pipa P2 or

Pipe P4 f
|
Pips P3 15 PipePdis

Blockad or Blocked and
Fracturad NOT Fractured

Pipe P45 Pipe P4is NOT

Pipa P35
Blocked Fracturad

Blocked and
NOT Fractured

Pipa P15
Freciured and
NQT Blocked

P4B FaR

Pipa P35 PlpePSlsNOT Pipe P3 15 Pipa P3 15 NOT
Slocked Fractwred Fractured Blocked

0‘00

Figure 6.5: Non-coherent fault tree for low flow in section 2 (V2) - transfer 1

Number Prime Implicants
1) V2FC.V2FO

2) P3B.P3F
3) P3F.P3B
4) P4B.PAF

Table 6.6: Prime implicants for low flow in section 2 {V2)

Number Potential Causes of Failure

1) V2FC
2) P3B
3) P3F
4) P4B

Table 6.7: Potential causes of failure for low flow in section 2 (V2)
after performing the coherent approximation
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6.2.1.7.2 Success Tree Construction

Success trees are comprised of all the component states in the system that cannot have failed
for the given sensor reading that is deemed to be working as required. A failure of any of
these component states would lead to a contradiction with the top event. Success trees for
the water tank system are described in detail in Sections C.2.1 to C.2.6 of Appendix C.
There is no success tree for ‘water in the overspill tray’ as this reading will always result

from a failure in either operating modes for all level patterns in the system.

The success trees are only drawn using working states that would have an immediate affect
on that particular part of the system and not those where the symptoms that change over
time may not be valid for the duration of a level pattern and depend on other sensor

readings in the system in order to be true.

Fault trees will therefore need to be built depending on the level pattern of water in the
tank and the patterns from the flow readings. These will also be able to identify failures

depending on a change in height identified by the level pattern.

Working Low Flow in Section 2 (V2)

Figure 6.6 presents the non-failures of the sensor reading ‘Working Low Flow in Section
2 (V2)". For this sensor reading valve V2 cannot have failed open (V2FO) and as the
reading is expected the system must be in the DORMANT operating mode, therefore is
‘not ACTIVE’ (ACTIVE).

Section 2 (V2)
Working - Low
Flow
|
Tha System is
DORMANT and
Water is NOT
Avsllable atv2

()

| |

No Flow Phase NOT Flow Valve V2 Does
Through Valve | [Phase Threugh | NOT Fail Open
Valve V2

2
@ P~

Figure 6.6: Success tree for working low flow in section 2 (V2)
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6.2.1.7.3 Possible Component Failures

Table 6.8 lists the possible faults for each of the components in the systermn and their related
code. The failures are the same as in the original system (see Chapter 4), except the level
sensor can fail for each height category. As in the steady state conditions, the ACTIVE
operating mode indicates that the user has tried to open valve V2 and DORMANT shows
the user has attempted to close V2.

Code Component Failure Code Component Failure

PiB (1 <i<6) - Pipe Pi is Blocked SiIFL(1<i<2) - Sensor 3 Fails Low

PiF (1 <i<6) - Pipe Pi is Fractured SiIFE(1<1i<2) - Sensor Si Fails Empty
ViIFC(1<i<3) - Valve Vi Fails Closed CiFH (1€£i1<2) - Controller Ci Fails High

ViFO (1 <i%53) - Valve Vi Fails Open CiFL(1£i<2) - Controller Ci Fails Low
SiIFF(1<i<?2) - Sensor Si Fails Full TR - Tank Ruptured

SiIFVH (1 <i<2) - Sensor Si Fails Very High TL - Tank Leaks

SiFH (1<i<2) - Sensor Si Fails High NWMS - No Water from the Main Supply

Table 6.8: Potential component failures

As in Chapters 4 and 5 the fault and success trees created for each of the sensor readings in
the dynamic method were originally drawn by hand and then verified by automating them
in FaultTree+. Each of the 54 scenarios listed in Table 6.1 were constructed in FaultTree+
for the ACTIVE and DORMANT operating modes.

6.2.2 Fault Identification - The Application Stage

1. Pattern recognition techniques are used to identify the actual patterns obtained for
system sensor readings. These are then compared to those for the expected behaviour.
If these patterns match this indicates the system is working as it should be for the
given mode or sub-mode. Any pattern that does not match is indicative of a failure
of some kind within the system. There may be hidden failures, but these would only
become apparent through a change in expected behaviour during system operation,
or by switching the operating mode.

2. Sections of the overall system with the potential to have caused the observed

symptoms resulting in the incorrect patterns from the key variable transmitters are
identified.

3. Each identified section is then investigated in turn and the actual patterns from
readings for all the transmitters in that section are checked against those expected.

Fault trees are combined for both the deviated and successful patterns for the section
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using an AND gate with the status of certain basic events being determined by the

transmitter patterns.

4. A list of prime implicants will be obtained from the combined fault tree for each
subsystem. A coherent approximation is then made by assuming that all working

states are TRUE in order to obtain a list of cut sets.

5. The cut set list obtained is then minimised in order to produce a list of the potential

causes of failure for the specified subsystem.

6. If there is more than one potential cause of failure then importance measures can
be used to rank the failure modes using their probability of occurrence in order to

determine the most likely outcome.

The application stages are now demonstrated for an example from the water tank system.

6.2.2.1 Identification of Actual Patterns

The causes of each scenario is constructed by combining the fault trees for both the deviated
and expected readings with an ‘AND’ gate. The method is now illustrated assuming the
system is DORMANT and the patterns obtained are those for DORMANT1 shown in
Table 6.9.

TOP Event Potential Vi V2 Vi3 TANK Level Pattern
Scenarios (Level in TRAY)

Observed

Behotnr DORMANT1 10, 28 ii J& 1/\ l/ i

Behaviour 1, 5,13, 17

Ezpected DORMANT23 37, 41, 49, B3 el— el— | | 1:
Table 6.3: DORMANT operating mode with expected

and actual sensor readings

Table 6.9 shows the expected flow and level patterns when the system is in the DORMANT
operating mode and the corresponding scenarios that could lead to these patterns. The table
also lists an example for the actual sensor and level patterns recorded for the system along
with their possible scenarios. Each of the 54 scenarios listed in Table 6.1 were constructed
in FaultTree+ for the ACTIVE and DORMANT operating modes, so in this particular
example scenarios 10 and 28 in the DORMANT mode would be required. The scenarios were
then used to develop the overall top events constructed from the system sensor patterns,
all of which are shown in Tables 6.4 and 6.5 for the ACTIVE and DORMANT operating

modes respectively.
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6.2.2.2 Identification of Deviated Key Variables

The results show that in this instance more water is leaving the tank than being replaced,
hence the level is decreasing. Flow out at valves V2 and V3 indicate that they are causing
high flow when there should be no flow at this point and water in the overspill tray shows
that there must be a leak or rupture in the tank. Valve V1 is open because water has
been taken out of the system and this always opens in order to replenish any water lost.
Another possibility is that a failure could have occurred causing V1 to be open. Hence the
two possible scenarios for the system with the given sensor and level patterns are 10 and
28.

6.2.2.3 TOP Event Structure Construction

Figures 6.7 and 6.8 show the structure for scenarios 10 and 28 respectively together with

the corresponding level pattern. Not all level patterns are valid for each set of flow sensor

scenarios.
Scenario 10 in
DORMANT1
] L
I ]
Section 1 (V1) || Section 2 (V2) || Section 3 (V3) Section 4 Tank Level
Working - High High Flow High Flow (TANK) Decreasing
Flow Tank Failure

Figure 6.7: Structure for scenario 10 in the DORMANT operating mode

Scenario 28in
DORMANT1
| |
f |
Section 1 (V1) || Section2 (V2) || Section 3 (V3) Section4 Tank Level
High Flow High Fiow High Flow (TANK) Decreasing

Tank Failure

Figure 6.8: Structure for scenario 28 in the DORMANT operating mede
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Both deviated and working readings are included in the diagrams. The scenarios for each
set of patterns are then combined using an ‘OR’ gate to form the overall TOP event for

the sensor and level patterns, as shown in Figure 6.9.

TOP Event
DORMANT1

Scenatio 10in || Scenario 28in
DCORMANT1 DORMANT1

Figure 6.9: TOP event structure for DORMANT1

6.2.2.4 Prime Implicants

A qualitative analysis of the fault tree in Figure 6.9 will produce prime implicants indicating
the potential causes of the TOP event DORMANT1. An example of a prime implicant

obtained is:

This prime implicant is of order 21. In total 10 prime implicants are obtained, 2 of order
21, 2 of order 22 and 6 order 26.

6.2.2.5 Potential Causes of System Failure

Performing the coherent approximation removes any working component state from the
prime implicants and yields a list of the potential causes of failure. These are shown for

the given example in Table 6.10.

Number Potential Causes Number Potential Causes
1) V2FO.V3FO.TL 6) V2FO.S2FH.TR
2) V2F0O.V3FO.TR 7)  V2FO.82FVH.TL
3) V2FQ.C2FH.TL 8} V2FO.S2FVH.TR
4) V2FO.C2FH.TR 9) V2FO.S2FF.TL
5) V2F0.S2FH.TL 10) V2FO.S2FF.TR

Table 6.10: Potential causes of failure for the TOP event DORMANT1
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All 10 of the potential causes of failure obtained for DORMANT1 are valid and the method
has correctly identified all possibilities. Analysis has also been performed using just the flow
sensor readings, the results obtained for this particular example were the same as for using
flow and level readings, as shown in Table 6.10. Using just the flow sensor readings would
have therefore reduced the complexity of the analysis and obtained the same outcome in
this instance. In both cases importance measures would be used to identify the most likely
potential cause of failure as there is more than one possibility obtained from the analysis

as the list cannot be reduced down any further.

6.2.2.6 Ranking of Failure Modes

Table 6.11 shows the unavailability of each component, assuming that the deviation

occurred at ¢ = 600s.

Component Failure | Conditional Failure Rate | Unavailability Failure Rate Importance
V2FQ L.5%10~7 8.9995949x 10—° 1.000
V3FO 1.5%x107¢ 8.9959512x 104 0.0867873

S2FH-52FF 2.8x10~6 1678589587 x 102 0.485819412
C2FH 7.4x10~8 4.430151777x 103 0.427393286
TL 1.0x10-8 5.999981x 10— 0.0038434507

TR 2.6x10—6 1.558783831x 103 0.996165616

Table 6.11: Component failure rate and unavailability

Qsys is determined using the Rare Event Approximation and for this example was found
to be Qsyg = 1.45971626x107°. The Fussell-Vesely measure of component importance (see
Section 3.7.2.2) has been used to indicate which components are most likely to contribute to
the failure of a system through identifying the occurrence of a minimal cut set containing a
given component. The importance for each component is shown in Table 6.11. The results
indicate that valve V2 has failed open, it is likely that the tank has ruptured and also sensor

S2 has failed causing flow out at valve V3.

Using the Fussell-Vesely measure of minimal cut set importance (see Section 3.7.2.1) has
shown that there are 3 most likely causes of failure: V2FO.S2FH. TR, V2FO.S2FVH.TR,
V2FQ.S52FF.TR. There are three results due to the component failure rate of sensor 52
being the same for each of the three given failure possibilities. In two of these valve V2
has failed open causing a failure in section 2 and the tank has ruptured resulting in a

catastrophic leak in the tank.
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6.3 Results

Results obtained for the water tank system are shown in Tables 6.12 and 6.13 for the
ACTIVE and DORMANT operating modes respectively. Effectiveness Index Ig, (where k
denotes ACTIVE or DORMANT operating modes), shown in Section 4.5.2.1 is calculated
for the TOP event structures. In this case N is the number of level patterns investigated,
n; is the number of potential causes of failure identified by the method for TOP event T,
nc; is the number of these that are correct causes of the observed symptom behaviour for

T and na; is the actual number of correct possible causes for T'.

TOP Event Scenarios Used to Results Results Number of
Build TOP Event With Level | Without Level Actual Possibilities
ng nc; ng neg
ACTIVE1 4, 10, 22, 28 10 10 10 14 10
ACTIVE2 3,9 21,27 ) 5 5 5 5
ACTIVE3 | 2,6,8,12, 20,24, 26,30 | 2 2 2 2 2
ACTIVE4 | 1,85,7,11,19, 23,25 29 | - - - - -
ACTIVES | 1,5, 7, 11, 19, 23, 25, 29 1 1 0 0 1
ACTIVES 16, 34 40 40 40 40 40
ACTIVE? 15, 33 20 20 20 20 20
ACTIVES 14, 18, 36 4 3 8 3 3
ACTIVE9Y 14, 18, 32, 36 8 8 8 8 8
ACTIVEL) 32 12 12 32 12 12
ACTIVE1l 36 72 72 224 72 72
ACTIVE12 36 72 72 224 72 72
ACTIVEI13 13, 17, 31, 35 4 1 4 1
ACTIVE14 13, 17, 31, 35 4 4 4 4
ACTIVEI1S 31 12 12 16 12 12
ACTIVEl6 40, 46 20 90 90 90 90
ACTIVE17 39, 45 45 45 45 45 45
ACTIVEI1S 38, 42, 44, 48 18 18 18 18 18
ACTIVE19 37, 41, 43, 47 9 9 9 9 9
ACTIVE20 52 360 360 | 360 360 360
ACTIVE21 51 180 | 180 | 180 180 180
ACTIVE22 50, 54 72 72 72 72 72
ACTIVE23 13, 17, 49, 53 4 3 1 3 3
ACTIVE24 49, 53 36 36 35 36 36
Effectiveness Index I'g, ooy 0.946 0.788 (to 3 decimal places)

Table 6.12: Results and effectiveness index obtained when the system
is in the ACTIVE operating mode

The range of the effectiveness index is from 0 to 1, with 0 indicating the method is not
effective and 1 indicating that it is completely effective. An index less than 1 is expected
as some failures in the system may be unreachable. Results from the analysis have been
obtained for with and without the tank level patterns.
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TOP Event Scenarios Used to Results Results Number of
Build TOP Event With Level | Without Level | Actual Possibilities
ng e i ey
DORMANT1 10, 28 10 10 10 10 10
DORMANT2 9, 27 5 5 5 5 5
DORMANT3 8, 12, 26, 30 2 2 2 2 2
DORMANT4 7,11, 25, 29 1 1 1
DORMANTS 7, 11, 25, 20 1 1 1 0 1
DORMANTSG 4,16, 22, 34 10 10 10 10 10
DORMANT7Y 3, 15, 21, 33 5 5 5 5 5
DORMANTS 2, 6,14, 18 1 1 2 1
DORMANTY 2,6, 14, 18, 24, 32, 36 3 3 2 1 3
DORMANT10 20, 32 4 4 8 4 4
DORMANT11 24, 36 24 24 56 24 24
DORMANT12 24, 36 24 24 56 24 24
DORMANT13 1, 5,13, 17, 31, 35 0 0 0 0 1
DORMANT14 1,5 13, 17, 31, 35 1 1 0 0 1
DORMANT15 19, 31 4 4 4 4
DORMANTI16 46 90 0 90 90 90
DORMANT17 45 45 45 45 45 45
DORMANT'18 44, 48 18 18 18 18 18
DORMANT19 43, 47 9 9 9 9 9
DORMANT20 40, 52 90 90 90 90 a0
DORMANT?21 39, 51 45 45 45 45 45
DORMANT22 38, 50, 54 18 18 18 18 18
DORMANT?23 | 1, 5, 13, 17, 37, 41, 49, 53 | - - - - -
DORMANT24 37, 41, 49, 53 18 18 18 18 18
Effectiveness Index Irp,pant 0.042 0.740 {to 3 decimal places)

Table 6.13: Results and effectiveness index obtained when the system
is in the DORMANT operating mode

In the majority of cases the method has correctly identified the possible number of potential
causes of failure for both the ACTIVE and DORMANT operating modes when using tank
level sensor patterns. This is reflected in the Effectiveness Index for each mode, which
i8 Ipycrve = 0.945652173 and Iz oyuanr = 0.942028985 for ACTIVE and DORMANT
respectively. These scores give an average of Ir = 0.944 (to 3 decimal places), and indicates
that although the method is not perfect (the effectiveness index would be Ir = 1.000) it is

very effective at obtaining the potential causes of system failure for the water tank.

In the ACTIVE operating mode there are three TOP events that do not yield the correct
potential failure causes when the tank level patterns are included in the analysis, these
being ACTIVES, ACTIVE13 and ACTIVE23. ACTIVES indicates that there is flow into
the system through V1, no flow out at V2 and V3, and water in the overspill tray.

As there is a normal tank level pattern water in the spill tray can only be caused by a leak

133



Consideration of Dynamics Results

in the tank (TL) because a rupture would result in a decreasing level, and water overspilling
the sides would show that the tank was full. If the tank is leaking then no flow out of V2
cannot be caused by a fracture in pipe P3 as this together with the tank leaking would
cause the water level to decrease. Therefore either V2 has failed closed (V2FC), or pipes
P3 or P4 are blocked (P3B, P4B). The potential causes of failure obtained are TL.V2FC,
TL.P3B or TL.P4B. The method also indicates that TL.P3F is a possibility, which is an
invalid result as they should only occur together for a decreasing tank level. Similarly for
ACTIVE13 the potential causes of failure obtained are pipe P3 is fractured (P3F), V2FC,
P3B or P4B. With a normal level and flow in through V1 only P3F is a valid result. For
ACTIVE23 there is no water going out of the system or coming into the system through V1
indicating that either pipe P3 or P4 is blocked or V2 has failed closed. When the level is
normal it is difficult to identify if pipe P3 is fractured because the level fluctuates within the
required threshold. DORMANT13 is the only TOP event for the DORMANT operating
mode that has failed to identify the correct potential causes of failure. This TOP event
fails to indicate that pipe P3 could also be fractured along with the tank leaking to create

a third potential cause of failure for this scenario.

The use of fault trees that are restricted to the control systems on each stream has reduced
the complexity of the approach. The dynamic method now needs to be scaled up by carrying

out further investigations on larger systems in order to test its feasibility.

Original analysis was carried out in steady state, without including the level of water in the
tank. The extended analysis has also been carried out without the tank level patterns, these
results are shown in Tables 6.12 and 6.13 for the ACTIVE and DORMANT operating modes
respectively in the column headed ‘Results Without Level’. The method is less complex
compared with that which includes the tank level patterns

The results show that the method is less effective at obtaining the exact list of potential
failure causes for each TOP event compared to those including the tank level. This is
reflected in the Effectiveness Index, which is, Ig,ory = 0.788819875 and I, pyanr =
0.740165631 for the ACTIVE and DORMANT operating modes respectively. This gives an
average of Iy = 0.764 (to 3 decimal places). In some instances the method has obtained
potential failure causes for a number of TOP events that are known to be incorrect,
along with those which could cause the TOP event to occur. Incorrect readings have
occurred in ACTIVES, ACTIVES, ACTIVE13 and ACTIVE23, along with DORMAN'TS5,
DORMANTS to DORMANT14 and DORMANT24. This strengthens the need to include
the tank level within the analysis.
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The method is not able to identify any hidden failures of components that have the same
symptoms as when they are working as required. For instance if the system is ACTIVE and
the level patterns are as shown in Table 6.2 then it is assumed that the system is working
normally. However, there may be a failure at valve V3 causing it to stay closed. This will
not be identified until this part of the system is used. In DORMANT?3 shown in Table 6.13
the potential causes of failure is either V2FO.TL or V2FO.TR. In this case though there
could be flow out at V3 through a fracture in pipe P5. This could be identified by using

the exact flow information in the analysis rather than just flow patterns.

Valve V2 failing open or closed can be identified by switching the operating mode of the
tank. If the valve is allowing water out of the system when ACTIVE, switching the mode
to DORMANT should close the valve as the system moves into a no flow phase at V2. If
it remains open then V2 has failed open. Similarly if the system is DORMANT V2 should
be closed and if the valve remains closed after moving into the ACTIVE mode then it has
failed in that way.

6.4 Consideration of Dynamics Within the Fault

Detection Demonstration

A detailed discussion of the results obtained for the four fault tree based schemes were
described in Chapter 4. Scheme 4 containing an immediate consistency check was
concluded to be the most accurate for obtaining the potential causes of failure for given
system behaviour. It was highlighted that dynamics would need to be considered in
order to improve the overall accuracy. Transient effects were therefore accounted for in
Chapter 6 through the use of a simple pattern recognition technique. The fault detection

demonstration has been extended to show this.

The simulation models the behaviour of the water tank system as previously described
for the four schemes. The pattern of the results at each of the sensors in the system is
now obtained from the simulation and compared against the expected behaviour in the
given operating mode. There are 24 possible flow patterns for each of the modes, as shown
in Tables 6.2 and 6.3 for ACTIVE and DORMANT respectively. The patterns from the
sensors indicate that the system is in at least one of the 54 possible system scenarios listed
in Table 6.1. A list of possible scenarios is therefore obtained for the system from the given
set of sensor patterns. The program takes the identified pattern from the given set of results

and compares this with the expected patterns in order to determine the possible system
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scenarios. The sensor readings for each scenario are combined with an AND gate and the
scenarios for each set of flow patterns are combined with an OR gate to give the overall

TOP event structure, as shown in general in Figure 6.10.

Sensor Reading
Patlern
Obsarad

Scenario 1 Scenario 2 Scenario m
Occured Qecurred Occurred

I T

I e L

Status of Status of Status of Key Yariabis
Section 1 Section 2 Sectionn  ||Rste of Change

T T T I

Figure 6.10: General TOP event structure

The fault induced into the system was valve V1 fails closed. Analysis is performed as before,

giving a list of potential causes of failure for the given flow patterns.

Dynamic Example

The expected flow and level patterns when the system is in the ACTIVE operating mode
and the corresponding scenarios that could lead to these patterns are shown in Table 6.14.
An example for the actual sensor and level patterns recorded for the system along with

their possible scenarios is also shown,

TOP Event Potential Vi V2 V3 TANK Level Pattern
Scenarios (Level in TRAY)

Observed ACTIVE19 37, 41, 43, 47 I V\ [ ‘i

Behaviour

Behaviour 1,5, 7,11 .|:
Al

Ezpected CTIVE4 19, 23, 25, 29 [_f— I& I— I—

Table 6.14: ACTIVE operating mode with expected

and actual sensor readings

The example indicates that water is leaving the tank, but it is not being replaced by flow
through valve V1, leading to a decrease in the water tank level. The possible scenarios
for the system in this case are 1, 5, 7, 11, 19, 23, 25 or 29. Performing analysis results in

potential causes of failure for the system, as shown in Table 6.15.
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Number Potential Causes Number Potential Causes
1) VIFC 6) PIB
2) CIFH 7y  PLlF
3) SIFH 8) P2B
4) SIFVH 9) NWMS
5) SIFF

Table 6.15: Potential causes of failure for the TOP event DORMANT'1

Measures of importance were used as in the steady-state examples. Valve V1 failing closed

was found to be the most likely cause of failure in this particular example.

6.5 Summary

o Consideration of the system dynamics has improved the method and obtained more
accurate results. In the majority of cases the method has correctly identified the
possible number of potential causes of failure for both the ACTIVE and DORMANT

operating modes, which is reflected in the Effectiveness Index.

e The use of fault trees that are restricted to the control systems on each stream has
reduced the complexity of the approach and should enable the method to be scaled
up for use on larger systems. Further investigation of this will follow using the BAE
Systems fuel rig.

o The analysis needs to include the tank level patterns in order to obtain accurate
results about the system behaviour. The level of water in the tank is the key variable
in the system. A deviation with this reading in the system will affect the overall

ability of the system to maintain the amount of water between the chosen limits.

¢ The method is not able to identify any hidden failures of components that have the
same symptoms as when they are working as required. This is a restriction in the

analysis that cannot be resolved.

¢ The program has been extended to demonstrate the method when considering

transient effects.

137



Chapter 7

Application of the Dynamic Method
to the Fuel Rig

7.1 Introduction

This chapter describes the extension of the dynamic method by applying it to a model
based on a fuel rig from BAE Systems. The fuel rig system is a model that symbolises the
functions of a real aircraft system, using water to simulate fuel flow. Fluid is fed from a
wing and main tank into a collector tank, which then outputs to the engine. This features
redundancy and is a larger system than the previously considered simple water tank level

control system.

7.2 Dynamic Fault Detection and Identification Process

The dynamic fault detection and identification process is categorised into two stages, these
being ‘modelling and preparation’ and ‘application’ as shown previously in Chapter 6. These
are now modified in light of having applied the method to a system of increased complexity
and featuring redundancy. The modelling and preparation stage is the part of the analysis
in which all available information about the system is collected. This information is then
used in the application stage in order to ascertain the cause of failure from symptoms
exhibited on the system. The updated stages are described in more detail in Sections 7.2.1

and 7.2.2 respectively for a general system.
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7.2.1 Modelling and Preparation Stage

1. The system is first divided into sections or subsystems. These are parts that can
change the system process variables by either normal control action or through the
occurrence of a component failure. Subsystems should provide a single function in the
system, providing inputs to or being outputs from other sections within the system.
The overall system must have a key function and one of the sections must be associated
with this key process variable so to determine the outcome of the system. Sections
will show a natural decomposition or breakdown of the whole system. The way to
identify these would be to look at the input/outputs and identify the key ones of

these, which will then indicate the main areas in a system.

2. The subsystem process variables that are to be measured, such as flow, temperature,
pressure or level are identified. Sensors are then incorporated into the system to

monitor these variables if not already present for control purposes.

3. Key locations of the measured process variables in each section are identified. These
locations will be those points where a change in normal control action will initially
become apparent. This output of information can then be used to alter the status of
other parts of the system if required. The locations of these will be determined by

the system sectioning carried out in Stage 1.

4. All the possible modes of system operation at any point in time are listed. Modes
of operation may also be divided further into appropriate ‘sub-modes’ in the event
that its complexity is too difficult to deal with on its own. The sub-modes will be
determined by the size of the system and how the sectioning has been carried out.

Assumptions to be made that can affect the operation of the system are identified.

5. All system scenarios are developed. The scenarios consider all possible deviations in
the process variables on each section. They may be failed high, partial, low or working
as normal. On sections where there is a control system, the deviations may be due
to control system failures. Deviations can also occur due to the failure of passive
components such as pipes or wires. Some sections may contain only passive elements
of the system in which case changes in the related process variable will only happen

when a failure mode occurs or through changes in section inputs and outputs.

6. For each of the system operating modes identified, a set of potential patterns from

the readings obtained for the key measured variables are developed. Any potential
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behaviour for individual sub-modes if used in the analysis of a specified mode is also

included.

7. For each section the potential pattern behaviour for any other transmitter readings
that can be taken are identified. Again, if sub-modes are used then identify the
possible behaviour for each of these. Only the shape of the sensor reading pattern is

required.

8. Fault trees for causes of the process variable deviation at each of the sensor locations
used to define the scenarios are drawn. Each fault tree is developed down to the
component failures in the system. Fault trees may be drawn for absolute values or
rates of change, depending on what information is considered useful for the particular
system. For any normal system behaviour causes of sensor readings are developed
using success trees, which describe all the components in the system that must be

working correctly in order for that outcome to occur.

7.2.2 Application Stage

1. Pattern recognition techniques are used to identify the actual patterns obtained for
system sensor readings. These are then compared to those for the expected behaviour.
If these patterns match this indicates the system is working as it should be for the
given mode or sub-mode. Any pattern that does not match is indicative of a failure
of some kind within the system. There may be hidden failures, but these would only
become apparent through moving into a different sub-mode during system operation,

or by switching the operating mode.

2. Sections of the overall system with the potential to have caused the observed
symptoms resulting in the incorrect patterns from the key variable transmitters are
identified.

3. Each identified section is then investigated in turn and the actual patterns from
readings for all the transmitters in that section are checked against those expected.
Fault trees are combined for both the deviated and successful patterns for the section
using an AND gate with the status of certain basic events being determined by the
transmitter patterns. In the case of the fuel rig system each section is representative

of a tank subsystem.

140



Application of the Dynamic Method to the Fuel Rig The Fuel Rig System

4. A list of prime implicants will be obtained from the combined fault tree for each
subsystem. A coherent approximation is then made by assuming that all working

states are TRUE in order to obtain a list of cut sets.

o

The cut set list obtained is then minimised in order to produce a list of the potential

causes of failure for the specified subsystem.

6. If there is more than one potential cause of failure then importance measures can
be used to rank the failure modes using their probability of occurrence in order to

determine the most likely outcome.

The process described is now demonstrated by applying it to a representation of an aircraft

fuel supply system. This system exists as an experimental fuel rig, located at BAE Systems.

7.3 The Fuel Rig System

The aim of any aircraft fuel system is to provide an adequate supply of clean fuel at an
appropriate pressure level throughout the flight phase to all the engines. The fuel rig system,
illustrated in Figure 7.1, is a model representing a real aircraft fuel system that uses water
to simulate the fuel flow. The rig consists of three tanks; main, wing and collector in which

water is distributed to the engine feed.

- —————————

Y ‘.. " Fuel Rig Refilling Line
Refuel Pump |

Figure 7.1: The fuel rig system
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A photo of the actual fuel rig system is shown in Figure 7.2, courtesy of BAE Systems.

Figure 7.2: Photo of the fuel rig system

7.3.1 System Component Description

Each tank has two pump trains, each containing a peristaltic pump (PPss#x), pressure
sprung relief valve (PSVx#xx), powered isolation valve (IVP**x%%) controlled by a controller
(CTsxxx), back pressure valve (BP##x%) and connecting pipe work (Psx**) !. These are
shown in Figure 7.3 for the main tank. In total the tank unit contains seven valves; 3
powered isolation valves, 2 pressure relief valves and 2 back pressure valves. Each powered
isolation valve has an associated controller. In total each unit consists of 23 sections of

pipe.

The two fuel line streams out of each tank are labelled ‘Line L1’ and ‘Line L2’ in this
diagram. These join up to become the main outflow line of the tank. Either of the two
lines can be used when fuel is required, but fuel is only drawn out of one line from each
tank at any point in time, the second is left in a standby mode and used in the event of a

failure in the first, thus providing the system with redundancy.

When the engine is switched on all peristaltic pumps turn on, including those on lines that
are on standby. When fuel is not required from a line the powered isolation valve remains

closed, and the water is re-circulated back into the tank via the recycle line, as shown in

Lyxxs’ represents the component code.
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more detail for a single tank section (this being for the main tank (TKsxxx)}) in Figure 7.3.

The fluid flow along each recycle line is regulated by a pressure relief valve.

——— TC LT0310
TC CTQ410 i {COLLECTCR TANK SECTION)

(REFUEL .._____:_ ——————————————————————— ---------------------------- .
SECTION} .

FT0l111

CTHWO——— _|| RECYCLE
| LINE L1 PO117 P0116

|
LTo110 | RECYCLE

|
[
|
| 1
| 1
: ]
|
LINEL2  P0120  PO119 1 )
' ! t
[ |
I |
T SN NN FT0121 | I
I ! |
| ! !
| PSV PSV I |
i 0120 0110 I
| TKO110 -\"\g I
1 |
! I 1
rosgo| | L J Po118| PoO11s 1 1
1 : ] FTO110
: PO101 | Q Line
I PO121 PO102 ™ | P0103 Po104 T PO105 M__le :
J .
I tvpo13o I IVEOL10 BPO110 FT0130
I | PO106 OUTFLOW
|
FPPO110 | POl T Polzs  LINE
FTo100 |PO122 |
O_ | FT0120 TO COLLECTOR
TANK
P0123 P0107 d Q Fo112
i PO103 P0109 i PO110 POTIL o 1
REFUEL DRAINAGE IVP0120 . BPOI20y,,.
LINE LINE PPO120 L2

Figure 7.3: Main tank from the fuel rig system

Water is fed only to the engine from the collector tank (Figure 7.1). Both main and wing
tanks are used to feed the collector tank when the level of water drops below a designated
threshold. The wing tank, which simulates the auxiliary fuel storage in the system, is used
for replenishing the collector tank when the level of water drops to or below threshold
Ti. Once the supply of water from the wing tank has been used and/or the level in the
collector tank drops to or below threshold 75 fluid will then be fed from the main tank,
which simulates the main fuel storage in an aircraft system. It is assumed that under
normal operating conditions water is pumped into the collector tank at the same rate as it
is pumped out into the engine. Therefore the water level in the collector tank will increase
only as a result of a failure causing flow into the tank from another part of the system. The

engine in the fuel rig system is represented by a large tank located at the base of the rig.

The main, wing and collector tanks each have a powered isolation valve for drainage

controlled by a controller, which may be used to represent the dumping of fuel from an
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aircraft. In this case the main and wing fuel lines are shut down and both these tanks are
drained of water to pump shut off. The collector tank is also drained to a low level, leaving
enough fuel for landing. The water from all the tanks is drained into the engine tank in
the rig so that it can be redistributed back into the system. Each of these tank units are
comprised of six flow transmitters (FTx#xx); one after each of the powered isolation valves
on the main lines out of the tank, one where the two main lines join, one on each of the over
flow lines and finally one on the drainage line to detect when the system is being drained.

Finally a level sensor is located inside each tank (LTxskxx).

The wing and collector tanks in the fuel rig system contain the same type of components as
those described for the main tank, the only disparity being that the numbers in the codes
for these tanks start ‘02’ and ‘03’respectively (for the main tank they begin with ‘01°).

7.3.2 Level Transmitter Thresholds

The readings from the level transmitters in the main, wing and collector tanks are: ‘empty’
(E), ‘pump shut off” (PSO), ‘low’ (L), ‘adequate section’ (AS), ‘required level’ (RL), ‘high’
(H) and ‘full’ (F) as shown in Figure 7.4. When the system is dumping fuel the main and
wing tanks are both drained to PSO, and the collector tank is drained to L so that only a

minimal amount of fuel is left for the simulation of an aircraft landing.

Full . _____ ———— _ 100% Fall _ o ___ _ 100%
High 5 019 High ? 91%
Required Level :::::::i::::::: 90(72 Required Level Z§==2-2zzz2f= 90(72
: Ty fereeeee .......... . 66%
Adequate Adequate :
Section Section :
: T2 AP .......... 33%
Low _|_____ v _15% Low _d____. Voo | 15%
Pump shut off - }-----====- t- 8% Pumpshut off —4---—----——--] - 8%
Empty - - 0% Empty - - %
Main, Wing and Engine Collector
Tank levels Tank level

Figure 7.4: Tank levels for the fuel rig system
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In addition to these the adequate section in the collector tank is divided up depending on
the thresholds 77 and T5. If the level in the collector tank is above threshold T then there
is no flow into the tank from the main or wing tanks. Once the level drops below this,
if there is water above pump shut off in the wing tank then the powered isolation valve
on either of the stream lines is opened (as pre-determined before analysis commences) to
allow fluid flow into the collector tank in order to keep the tank replenished with a stock of
fuel. Once the level in the collector tank drops to threshold 75, the powered isolation valve
on either of the stream lines in the main tank section opens to allow fluid from the main
tank to refill the collector tank. The pumps will automatically switch off as soon as the
level in that specific tank drops to PSO to prevent them from becoming damaged, which
leads to a breakdown of part or even the whole system. In the event that fluid flow does
not commence out of a tank, the controller on the redundant line will then be expected to
open the respective powered isolation valve. This will either allow the system to function
as required or in the event of a failure on this line cause a break down in the whole tank

section.

7.4 System Stages

7.4.1 System Modelling and Preparation Stage

The sub-stages 1 to 7 described in Section 7.2.1 are now described for the fuel rig system.

7.4.1.1 System Division

The fuel rig has a total of 26 flow and 4 level transmitters. It is too complex to account for
all this system knowledge at the same time. The size of the problem therefore needs to be
reduced and this is carried out by modularising the analysis, This involves identifying the
area or areas in which a deviation has occurred and then focusing in on each one individually
to determine the possible causes of failure for that particular section. The fuel rig is divided
into 4 ‘subsystems’ as shown by the dashed lines in Figure 7.1. Three of the subsystems
contain the main, wing and collector tanks, and the fourth contains the refuelling part.

These sections have been identified from a schematic of the whole fuel rig.
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7.4.1.2 Identification of System Sensors

Information regarding the status of the system is obtained using two different types of
transmitter or ‘observable points’; these being able to measure either flow or level. The
main, wing and collector tank subsystems each possess a level transmitter within the tank
itself, which is labelled LT0110 in Figure 7.3 for the main tank. There are also six flow
transmitters; one after each of the powered isolation valves on L1 and L2 out of the tank
(FT0110, FT0120), one where these lines join up on the main outflow line (FT0130),
one on each of the recycle lines (FT0111, FT0121) and finally one on the drainage line
(FT0100). Therefore these sensors are all monitored in order to highlight the occurrence of

any deviations.

7.4.1.3 Identification of Key Process Variables

The key process variables in the overall system are the level in the collector tank (LT(0310)
and the flow on the main outflow line of each of the three tanks (FT0130, FT0230 and
FT0330). The level in both the main and wing tanks (LT0110 and LT0210) are also
important factors to the system functionality as these could lead to the identification of a

problem in an individual tank section.

7.4.1.4 Modes of System Operation and System Assumptions

7.4.1.4.1 Modes of System Operation

The system has two main modes of operation; these being ‘ACTIVE’ when all pumps are
on and fluid is pumped from the collector tank to the engine, or ‘DORMANT’ when all
the pumps are shut down and there is no fluid transfer. In the ACTIVE operating mode
as the transfer of water between the collector tank and the engine takes place the level of
water in the collector tank decreases. This is replaced by water being transferred, initially

from the wing and then later on from the main tank.

7.4.1.4.2 System Operating Assumptions
A number of assumptions have been made regarding the operation of the fuel rig system:

¢ A blockage in a pipe or valve will prevent any flow of fluid through this component.

146



Application of the Dynamic Method to the Fuel Rig System Stages

Stmilarly a partial blockage will reduce the amount of fluid flow in a pipe or through

a valve, but not stop it completely.

e A fracture in a pipe will result in fluid leaving the system at this point, preventing any
flow of fluid further into the system. A leak in a pipe or valve will cause partial flow

and result in some loss of fluid from the system. All fluid losses cannot be replenished.

e A rupture in one of the tanks results in a loss of fluid out of the system that cannot
be replenished. A rupture in the collector tank will lose fluid faster than it can be

refilled from its supply.

o For simplicity, the system will always start off with the required level of fuel in the

main, wing and collector tanks.

o The system sensors are assumed to be reliable in this case.

A tank deviation will result in failure to indicate the required fluid level in that particular
tank. In the water tank example the system had a tray beneath the tank to catch any fluid
lost through a leak, rupture or from overfilling. This was used to distinguish whether the
tank was working or had failed. The tanks in this example do not have trays, therefore the

possibility of a tank failure cannot be ruled out from the possible causes of system failure.

7.4.1.5 System Scenarios and Patterns for the Key Process Variables

The sensors for the key process variables are used to generate a set of scenarios that the
system could potentially be in. These are defined firstly for the key process variables in the

system and then for the other sensors within a section.

7.4.1.5.1 System Scenarios

The flow from each tank section can be indicated as functioning normally (WK), failed in a
mode that causes high flow (HF) (eg: valve open), failed resulting in partial flow (PF) (eg:
valve failed partially open) or failed in a mode that causes low flow (LF) {eg: valve closed).
If a section of the system is working this indicates that fluid is being provided from that
part as and when required in response to the system state and operating mode. There are

64 different potential scenarios that can occur in the system as shown in Table 7.1.
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Scenario MAIN WING COLLECTOR Scenario MAIN WING COLLECTQR,
SECTION SECTION SECTION SECTION SECTION SECTION
1 WK WK WK 33 PF WK WK
2 WK WK HF 34 PF WK HF
3 WK WK PF 35 PF WK PF
4 WK WK LF 36 PF WK LF
5 WK HF WK 37 PF HF WK
3] WK HF HF 38 PF HF HF
T WK HF PF 39 PF HF PF
g WK HF LF 40 PF HF LF
9 WK PF WK 41 PF PF WK
10 WK PF HF 42 PF PF HF
11 WK PF PF 43 PF PF FPF
12 WK PF LF 44 PF PF LF
13 WK LF WK 45 PF LF WK
14 WK LF HF 46 PF LF HF
15 WK LF PF 47 PF LF PF
16 WK LF LF 48 PF LF LF
17 HF WK WK 49 LF WK WK
18 HF WK HF 50 LF WK HF
19 HF WK PF 51 LF WK PF
20 HF WK LF 52 LF WK LF
21 HF HF WK 53 LF HF WK
22 HF HF HF 54 LF HF HF
23 HF HF PF 55 LF HF PF
24 HF HF LF 56 LF HF LF
25 HF PF WK 57 LF PF WK
26 HF PF HF &8 LF PF HF
27 HF PF PF 59 LF PF PF
28 HF PF LF 60 LF PF LF
29 HF LF WK 61 LF LF WK
30 HF LF HF 62 LF LF HF
31 HF LF PF 63 LF LF PF
32 HF LF LF 64 LF LF LF

Table 7.1: Fuel rig system scenarios

Each scenario listed in the table is examined and the patterns recorded from the sensor
readings for the flows on the outflow lines of each of the tank sections and the level in each
tank (see Section 7.4.1.5.2). The system scenarios for the key variables are used in the

analysis to identify the section or sections in which a failure has occurred.

7.4.1.5.2 Potential Patterns for Key Variables

The measurements from the flow transmitters in the system are used to build up a flow
rate history at their particular locations over a period of time. These can be used to
identify overall system pattern behaviour. Readings from the level transmitters in each of
the tanks are also used in this analysis. The level patterns obtained are used to determine
the amount of fluid flow or rate of change of height of fluid in each tank and illustrates how
the reading has changed over time, from which the rate of change can be determined. Each
flow transmitter on the fuel rig can measure the exact flow rate at that particular point in
the system. The readings from the transmitters are used to build up a pattern to indicate

what type of flow or level change is occurring, if any.

Due to the complexity of the problem, the number of possible combinations of different
patterns for all of the sensors is too large to deal with in the ACTIVE operating mode.
This mode is divided into ‘phases’ that are defined depending upon the level of fluid in the

collector tank in order to overcome this, as shown in Table 7.2.
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Scenarios MAIN MAIN WING WING COLLECTOR | COLLECTOR
LEVEL LEVEL LEVEL
FT0130 LT0110 FT0230 LT0210 FT0330 LT0310
ACTIVEPHASEL 1, 2,13, 14, RL 7 RL 7 RL

T1
(Ty < Lo <RL) | 49, 50,61, 62

ACTIVEPHASEZ | 1,2,5, 6, RLI— ] RL — v

(Lo = T5) 49, 50, 53, 54 os T2
ACTIVEPHASE? 1, 2, 13, 14, RL J— T ¥=-
(T2 < Lo <Ty) | 49,60, 61, 62 P20 T2

ACTIVEPHASEL | 1,2, 13, 14, 1 RL \ l — T
(Lo = T2) 17, 18, 29, 30 PSO P50 i

ACTIVEPHASES | 1,2, 13, 14, ] 4 B
(PSO < Lo < Ty} | 49, 50, 61, 62 —_

R

] PSOt———
ACTIVEPHASES | 1,4, 13, 16, ]
(Lc = PSO) 49, 52, 61, 64 psol— psoy Ps

Table 7.2: Expected sensor patterns for outflow lines and level in each tank
in the ACTIVE operating mode

Note that only the overall shape of the trend in each pattern is investigated rather than
the exact match of results. When ACTIVE, the operating mode is split into six phases
defined by the level of fluid in the collector tank. These phases each have a set of expected
sensor readings for the key process variables. The expected plots for the transmitters on
the outflow lines of each of the tanks are shown in Table 7.2 (L¢ indicates the level of water
in the collector tank). The expected plots from these are compared with actual patterns
obtained in order to highlight any initial deviations. Main and wing tank levels are also
included in order to aid in pinpointing any deviations that may otherwise be missed within

these tanks themselves.

Expected plots for the DORMANT mode are shown in Table 7.3. When DORMANT all
flow transmitters should be indicating ‘no flow’ and levels should remain constant. There

is only one expected outcome for this particular operating mode.

Scenarios MAIN MAIN WING WING COLLECTOR | COLLECTOR
LEVEL LEVEL LEVEL
FTQ0130 LT0110 FT0230 LTD210 FT0330 LT0316
DORMANT 1, 4, 13, 186, RL 1 RL HL 1
(Lg = RL) | 49, 52, 61, 64

Table 7.3: Expected sensor patterns for outflow lines and level in each tank
in the DORMANT operating mode

Expected behaviour can be obtained through a number of scenarios for each set of expected

readings. In each case, however, it is scenario 1 that is the only one in which the system can
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be working correctly producing the expected readings and level patterns. The remaining
possibilities all contain unrevealed failures, the symptoms for which are masked, but flow

within the system carries on as required.

7.4.1.5.3 Identification of Scenario Causes for Key Variables

At any given point in time the set of patterns from the sensors for the key variables must
indicate that the system is in at least one of the 64 scenarios listed in Table 7.1. A list
of scenarios can be obtained for each of the sets of valid sensor patterns identified for the
system and given phase. Scenarios can be used to identify more than one set of sensor
patterns. Example plots that can indicate the scenarios 1, 17 and 49 are shown in Table 7.4

for phase 1.

Scenario 1(a) is the expected set of patterns when in ACTIVE phase 1. Scenario 1(b)
illustrates that the same scenario can be valid for a different set of patterns - in this case
the level in the main tank is non-linearly decreasing indicating that there is a problem with
the main tank itself. This is a similar case for 17(a) and 17(b) in which a non-linearly
decreasing level in the wing tank indicates a problem with this tank. For some scenarios,

for instance 1(a) and 49(a) or 1{b) and 49(b), the observed sensor reading patterns are the

same.
Scenario MAIN MAIN WING WING COLLECTOR | COLLECTOR
LEVEL LEVEL LEVEL
FT0130 LT0110 FT0230 LT0210 FT0330

RL 4

=2
=

-

1(a) (WK, WK, WK}

RL RL
1(b) (WK, WK, WK) N
3 R:O]\ RL
17(a) (HF, WK, WK)
P T

RL RL

PR
==
—r

——

-

T

=

)
17(b} (HF, WK, WK) —]

PS04

RL ——— RL

==
~B

49(a} {LF, WK, WK)

RL RL

3
=

49(b) (LF, WK, WK)

e

——
S —

7

+— —

Table 7.4: Possible system readings and their potential scenarios

when the system is in the ACTIVE operating mode

There are 508 unique valid combinations of sensor reading patterns when the system is
ACTIVE (for each phase) and 829 when in the DORMANT operating mode for the key
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variables.

7.4.1.6 System Scenarios and Potential Patterns for Other Process Variables

The information from the scenarios and the patterns for the key variables are used in the
analysis to indicate the sections of the system in which a failure has occurred. Once
this/these sections have been identified the analysis can then focus on obtaining the
actual cause. This is carried out by investigating each section with a potential deviation
individually. The process of identifying the possible system scenarios is now repeated for

each section.

7.4.1.6.1 System Scenarios for Other Process Variables

A set of scenarios applicable to each of the system sections has been developed. As before
each flow sensor gives a set of readings indicating the flow at that point in the section. A
plot of the results can be determined from these reading, which can be used to match the
sensor plot to the possible system scenarios. The sensor plot can indicate whether that
part of the system is functioning normally (WK), failed in a mode that causes high flow
(HF), failed resulting in partial flow (PF) or if it is failed in a mode that causes low flow
(LF). There are 2276 different potential valid scenarios that can occur within a section
when investigating both lines within a section - 676 when a section is WK, 356 possibilities
for HF, 568 possibilities for PF and 676 LF indicated from a section outflow. The scenarios
for HF on the outflow line are shown in Tables 7.5 to 7.7. When investigating just one line
there are 204 valid potential scenarios. These are shown - for all section outflows WK, HF,
PF and LF - in Tables 7.8 and 7.9.

System Scenarios - Both Lines

Scenario] MAIN ECYCLE MAIN RECYCLH MAIN [DRAIN Scena.riok MAIN ECYCLH MAIN RECYCLE] MAIN DRAIN
SECTION| LINE L1 LINE LY LINE L2 LINE L2 LINE ECTION| LINE L1 [LINE L1 LINE L2 ILINE L. LINE
677 HF WK WK WK WK | WK 689 HF WK WK WK LF WK
678 HF WK WK WK WK HEF 690 HF WK WK WK LF HF
679 HF WK WK WK WK PF 691 HF WK WK WK LF PF
680 HF WK WK WK WK LF 692 HF WK WK WK LF LF
681 HF WK WK WK HF WK 693 HF WK WK HF WK WK
582 HF WK WK WK HF HF 694 HF WK WK HF WK HF
683 HF WK WK WK HF PF 685 HF WK WK HF WK PF
684 HF WK WK WK HF LF 696 HF WK WK HF WK LF
685 HF WK WK WK PF WK 697 HF WK WK HF LF WK
686 HF WK WK WK PF HF 698 HF WK WK HF LF HF
687 HF WK WK WK PP PF 699 HF WK WK HF LF PF
H88 HF WK WK WK FF LF 700 HF WK WK HF LF LF

Table 7.5: Fuel rig system scenarios for a tank section - both lines - 1
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Scenariqq MAIN ECYCLE MAIN rF—lECYCL MAIN DRAIN Scenario] MAIN ECYCLH MAIN RECYCLE] MAIN DRAIN
BECTION| LINE L1 [LINE L1} LINE L2 [LINFE L2 LINE BECTION| LINE L1 [LINE L1| LINE L2 [LINE L2 LINE
701 HF WK WK PF WK WK 784 HF WK PF WK WK LF
T02 HF WK WK PF WK HF 785 HF WK PF WK HF WK
703 HF WK WK PF WK PF 786 HF WK FPF WK HF HF
704 HF WK WK PF WK LF 78T HF WK FPF WK HF PF
705 HF WK WK PF PF WK 788 HF WK PF WK HF LF
706 HF WK WK PF PF HF 789 HF WK PF LF WK WK
707 HF WK WK PF PF FF 790 HF WK PF LF WK HF
708 HF WK WK PF PF LF 791 HF WK PF LF WK PF
709 HF WK WK PF LF WK 792 HF WK PF LF WK LF
710 HF WK WK PF LF HF 793 HF WK PF LF HF WK
711 HF WK WK PF LF PF 794 HF WK PF LF HF HF
712 HF WK WK PF LF LF 795 HF WK PF LF HF PF
713 HF WK WK LF WK WK 796 HF WK PF LF HF LF
714 HF WK WK LF WK HF o7 HF WK LF WK WK WK
715 HF WK WK LF WK PF 798 HF WK LF WK WK HF
716 HF WK WK LF WK LF 799 HF WK LF WK WK PF
717 HF WK WK LF HF WK 800 HF WK LF WK WK LF
718 HF WK WK LF HF HF 801 HF WK LF WK HF WK
719 HF WK WK LF HF PF 802 HF WK LF WK HF HF
T20 HF WK WK LF HF LF 803 HF WK LF WK HF PF
721 HF WK WK LF FF WK 804 HF WK LF WK HF LF
722 HF WK WK LF PF HF 805 HF WK LF PF WK WK
723 HF WK WK LF PF FPF 806 HF WK LF PF WK HF
724 HF WK WK LF PF LF 807 HF WK LF FF WK PF
725 HF WK WK LF LF WK 808 HF WK LF PF WK LF
726 HF WK WK LF LF HF 809 HF WK LF LF WK WK
727 HF WK WK LF LF PF 810 HF WK LF LF WK HF
728 | HF WK WK LF LF LF 811 HF WK LF LF WK PF
729 HF WK HF WK WK WK 812 HF WK LF LF WK LF
730 HF WK HF WK WK HF 813 HF WK LF LF HF WK
731 HF WK HF WK WK PF 814 HF WK LF LF HF HF
732 HF WK HF WK WK LF 815 HF WK LF LF HF PF
733 HF WK HF WK HF WK 816 HF WK LF LF HF LF
734 HF WK HF WK HF HF 817 HF HF WK WK WK WK
735 HF WK HF WK HF PF 818 HF HF WK WK WK HF
736 HF WK HF WK HF LF 819 HF HF WK WK WK PF
737 HF WK HF WK PF WK 820 HF HF WK WK WK LF
738 HF WK HF WK PF HF 821 HF HF WK WK HF WK
739 HF WK HF WK PF PF 822 HF HF WK WK HF HF
740 HF WK HF WK PF LF 823 HF HF WK WK HF PF
741 HF WK HF WK LF WK 824 HF HF WK WK HF LF
742 HF WK HF WK LF HF 825 HF HF WK LF WK WK
743 HF WK HF WK LF PF 826 HF HF WK LF WK HF
744 HF WK HF WK LF LF 827 HF HF WK LF WK PF
746 HF WK HF HF WK WK 828 HF HF WK LF WK LF
746 HF WK HF HF WK HF 829 HF HF WK LF HF WK
747 HF WK HF HF WK PF 830 HF HF WK LF HF HF
748 HF WK HF HF WK LF 831 HF HF WK LF HF PF
749 HF WK HF HF LF WK 832 HF HF WK LF HF LF
750 HF WK HF HF LF HF 833 HF HF LF WK WK WK
751 HF WK HF HF LF PF 834 HF HF LF WK WK HF
762 HF WK HF HF LF LF 835 HF HF LF WK WK PF
753 HF WK HF PF WK WK 836 HF HF LF WK WK LF
754 HF WK HF PF WK HF 8ar HF HF LF WK HF WK
756 HF WK HF PF WK PF 838 HF HF LF WK HF HF
756 HF WK HF PF WK LF 839 HF HF LF WK HF PF
757 HF WK HF PF PF WK 840 HF HF LF WK HF LF
758 HF WK HF PF PF HF 841 HF HF LF LF WK WK
769 HF WK HF FF PF PF 842 HF HF LF LF WK HF
760 HF WK HF PF PF LF 843 HF HF LF LF WK PF
761 HF WK HF PF LF WK 844 HF HF LF LF WK LF
762 HF WK HF PF LF HF 845 HF HF LF LF HF WK
763 HF WK HF PF LF PF B46 HF HF LF LF HF HF
764 HF WK HF PF LF LF 847 HF HF LF LF HF PF
765 HF WK HF LF WK WK 848 HF HF LF LF HF LF
766 HF WK HF LF WK HF 849 HF PF WK WK WK WK
767 HF WK HF LF WK PF 850 HF PF WK WK WK HF
768 HF WK HF LF WK LF 851 HF PF WK WK WK PF
769 HF WK HF LF HF WK B52 HF PF WK WK WK LF
770 HF WK HF LF HF HF 853 HF PF WK WK HF WK
771 HF WK HF LF HF PF 854 HF PF WK WK HF HF
172 HF WK HF LF HF LF 855 HF PF WK WK HF PF
773 HF WK HF LF PF WK 856 HF PF WK WK HF LF
774 HF WK HF LF PF HF 857 HF PF WK LF WK WK
775 HF WK HF LF PF PF 858 HF PF WK LF WK HF
776 HF WK HF LF PF LF 859 HF PF WK LF WK PP
777 HF WK HF LF LF WK 860 HF PF WK LF WK LF
778 HF WK HF LF LF HF 861 HF PF WK LF HF WK
779 HF WK HF LF LF PF 862 HF PF WK LF HF HF
780 HF WK HF LF LF LF 863 HF PF WK LF HF PF
781 HF WK PF WK WK WK 864 HF PF WK LF HF LF
782 HF WK PF WK WK HF 865 HF PF PF WK WK WK
783 HF WK PF WK WK PF 866 HF FPF PF WK WK HF

Table 7.6: Fuel rig system scenarios for a tank section - both lines - 2
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Scenarid] MAIN RECYCLE] MAIN RECYCLE MAIN [DRAIN Scenario] MAIN RECYCLHE MAIN ECYCL? MAIN DRAIN
SECTION] LINE L1 [LINE L1} LINE L2 [LINE L3 LINE SECTION| LINE L1 [LINE L1 LINE L2 [LINE L2 LINE
867 HF PF PF WK WK FF 950 HF ~— LF HF T WK WK HF
868 HF PF PF WK WK LF 951 HF LF HF WK WK PF
869 HF PF PF WK HF WK 952 HF LF HF WK WK LF
870 HF PF PF WK HF HF 953 HF LF HF WK HF WK
871 HF PF PF WK HF PF 954 HF LF HF WK HF HF
872 HF PF PF WK HF LF 955 HF LF HF WK HF PF
873 HF PF PF LF WK WK 956 HF LF HF WK HF LF
874 HF PF PF LF WK HF a57 HF LF HF WK PF WK
a7s HF PF PF LF WK PF 958 HF LF HF WK PF HF
876 HF PF PF LF WK LF 959 HF LF HF WK PF PF
877 HF PF PF LF HF WK 960 HF LF HF WK PF LF
878 HF PF PF LF HF HF 961 HF LF HF WK LF WK
879 HF FPF PF LF HF PF 962 HF LF HF WK LF HF
BEO HF PF PF LF HF LF 963 HF LF HF WK LF PF
881 HF PF LF WK WK WK 964 HF LF HF WK LF LF
882 HF PF LF WK WK HF 965 HF LF HF HF WK WK
883 HF PF LF WK WK PF 966 HF LF HF HF WK HF
884 HF PF LF WK WK LF 967 HF LF HF HF WK PF
885 HF PF LF WK HF WK 968 HF LF HF HF WK LF
886 HF PF LF WK HF HF 269 HF LF HF HF LF WK
887 HF PF LF WK HF PF 970 HF LF HF HF LF HF
888 HF PF LF WK HF LF 971 HF LF HF HF LF PF
889 HF PF LF LF WK WK o72 HF LF HF HF LF LF
890 HF PF LF LF WK HF 973 HF LF HF FF WK WK
a9l HF PF LF LF WK PF 974 HF LF HF PF WK HF
892 HF PF LF LF WK LF 975 HF LF HF PF WK PF
893 HF PF LF LF HF WK 976 HF LF HF PF WK LF
894 HF PF LF LF HF HF 977 HF LF HF PF PF WK
895 HF PF LF LF HF PF a78 HF LF HF PF PF HF
896 HF PF LF LF HEF LF 979 HF LF HF PF PF PF
897 HF LF WK WK WK WK 980 HF LF HF PF PF LF
£98 HF LF WK WK WK HF 981 HF LF HF PF LF WK
899 HF LF WK WK WK PF 982 HF LF HF PF LF HF
900 HF LF WK WK WK LF 983 HF LF HF PF LF PF
9201 HF LF WK WK HF WK 984 HF LF HF PF LF LF
902 HF LF WK WK HF HF 9B5 HF LF HF LF WK WK
903 HF LF WK WK HF PF 986 HF LF HF LF WK HF
204 HF LF WK WK HF LF 987 HF LF HF LF WK PF
905 HF LF WK WK PF WK 988 HF LF HF LF WK LF
906 HF LF WK WK PF HF 989 HF LF HF LF HF WK
207 HF LF WK WK PF PF 990 HF LF HF LF HF HF
908 HF LF WK WK FF LF 991 HF LF HF LF HF PF
909 HF LF WK WK LF WK 992 HF LF HF LF HF LF
910 HF LF WK WK LF HF 993 HF LF HF LF PF WK
911 HF LF WK WK LF PF 994 HF LF HF LF PF HF
912 HF LF WK WK LF LF 995 HF LF HF LF PF PF
913 HF LF WK HF WK WK 996 HF LF HF LF PF LF
914 HF LF WK HF WK HF 997 HF LF HF LF LF WK
215 HF LF WK HF WK PF 998 HF LF HF LF LF HF
916 HF LF WK HF WK LF 999 HF LF HF LF LF PF
217 HF LF WK HF LF WK 1000 HF LF HF LF LF LF
918 HF LF WK HF LF HF 1001 HF LF PF WK WK WK
919 HF LF WK HF LF PF 1002 HF LF PF WK WK HF
920 HF LF WK HF LF LF 1603 HF LF PF WK WK PF
a21 HF LF WK PF WK WK 1004 HF LF PF WK WK LF
922 HF LF WK PF WK HF 1005 HF LF PF WK HF WK
923 HF LF WK PF WK PF 1006 HF LF PF WK HF HF
924 HF LF WK PF WK LF 1007 HF LF PF WK HF PF
925 HF LF WK PF PF WK 1008 HF LF PF WK HF LF
926 HF LF WK PF PF HF 1009 HF LF PF LF WK WK
927 HF LF WK PF PF PF 1010 HF LF PF LF WK HF
928 HF LF WK PF PF LF 1011 HF LF PF LF WK PF
929 HF LF WK PF LF WK 1012 HF LF PF LF WK LF
930 HF LF WK PF LF HF 1013 HF LF PF LF HF WK
931 HF LF WK PF LF PF 1014 HF LF PF LF HF HF
932 HF LF WK PF LF LF 1015 HF LF FF LF HF PF
923 HF LF WK LF WK WK 1016 HF LF PF LF HF LF
934 HF LF WK LF WK HF 107 HF LF LF WK WK WK
935 HF LF WK LF WK PF 1018 HF LF LF WK WK HF
936 HF LF WK LF WK LF 1019 HF LF LF WK WK PF
937 HF LF WK LF HF WK 1020 HF LF LF WK WK LF
938 HF LF WK LF HF HF 1021 HF LF LF WK HF WK
939 HF LF WK LF HF PF 1622 HF LF LF WK HF HF
940 HF LF WK LF HF LF 1023 HF LF LF WK HF PF
941 HF LF WK LF PF WK 1024 HF LF LF WK HF LF
942 HF LF WK LF PF HF 1025 HF LF LF LF WK WK
943 HF LF WK LF PF PF 1026 HF LF LF LF WK HF
944 HF LF WK LF PF LF 1027 HF LF LF LF WK PF
945 HF LF WK LF LF WK 1028 HF LF LF LF WK LF
046 HF LF WK LF LF HF 1029 HF LF LF LF HF WK
947 HF LF WK LF LF PF 1030 HF LF LF LF HF HF
948 HF LF WK LF LF LF 1031 HF LF LF LF HF PF
949 HF LF HF WK WK WK 1032 HF LF LF LF HF LF

Table 7.7: Fuel rig system scenarios for a tank section - both lines - 3
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System Scenarios - One Line

Scenario] MAIN Nl]_,RECYCLE MAIN [DRAIN Scenario]] MAIN [RECYCLE MAIN RAIN
SECTIONLINE L1/L2LINE L1/L3 LINE BECTIONLINE L1/L2LINE L1/L3 LINE
1 WK WK WK WK 86 HF LF WK HF
2 WK WK WK HF B7 HF LF WK PF
3 WK WK WK PF &8 HF LF WK LF
4 WK WK WK LF 89 HF LF HF WK
5 WK WK HF WK 90 HF LF HF HF
6 WK WK HF HF 91 HF LF HF PF
7 WK WK HF PF 92 HF LF HF LF
8 WK WK HF LF 293 HF LF PF WK
9 WEK WK PF WK 94 HF LF PF HF
10 WK WK PF HF 95 HF LF PF PF
11 WK WK PF PF 96 HF LF FF LF
12 WK WK PF LF 97 HF LF LF WK
13 WK WK LF WK 98 HF LF LF HF
14 WK WK LF HF 99 HF LF LF PF
15 WK WK LF PF 100 HF LF LF LF
16 WK WK LF LF 101 PF WK WK WK
17 WK HF WK WK 102 PF WK WK HF
18 WK HF WK HF 103 PF WK WK PF
19 WK HF WK PF 104 PF WK WK LF
20 WK HF WK LF 105 PF WK HF WK
21 WK HF LF WK 106 PF WK HF HF
22 WK HF LF HF 107 PF WK HF PF
23 WK HF LF PF 108 PF WK HF LF
24 WK HF LF LF 109 PF WK PF WK
25 WK PF WK WK 110 PF WK PF HF
26 WK PF WK HF 111 PF WK PF PF
27 WK PF WK PF 112 PF WK PF LF
28 WK PF WK LF 113 PF WK LF WK
29 WK PF LF WK 114 PF WK LF HF
30 WK PF LF HF 115 PF WK LF PF
31 WK PF LF PF 116 PP WK LF LF
3z WK PF LF LF 117 FPF HF WK WK
33 WK LF WK WK 118 PF HF WK HF
34 WK LF WK HF 119 PF HF WK PF
35 WK LF WK PF 120 PF HF WK LF
36 WK LF WK LF 121 PF HF LF WK
3r WK LF HF WK 122 PF HF LF HF
38 WK LF HF HF 123 PF HF LF PF
39 WK LF HF PF 124 PF HF LF LF
40 WK LF HF LF 125 PR FPF WK WK
41 WK LF FPF WK 126 PF PF WK HF
42 WK LF PF HF 127 PF PF WK PF
43 WK LF PF PF 128 PF PF WK LF
44 WK LF PF LF 129 PF PF PF WK
45 WK LF LF WK 130 PF PF PF HF
46 WK LF LF HF 131 PF PF PF PF
47 WK LF LF PF 132 PF PF PF LF
48 WK LF LF LF 133 PF PF LF WK
49 HF WK WK WK 134 PF PF LF HF
50 HF WK WK HF 135 PP PF LF PF
51 HF WK WK PF 136 PF PF LF LF
52 HF WK WK LF 187 PF LF WK WK
53 HF WK HF WK 138 PF LF WK HF
54 HF WK HF HF 139 PF LF WK PF
&8 HF WK HF PF 140 PF LF WK LF
56 HF WK HF LF 141 PF LF HF WK
57 HF WK PF WK 142 PF LF HF HF
58 HF WK PF HF 143 PF LF HF PF
59 HF WK PF PF 144 PF LF HF LF
60 HF WK PF LF 145 PF LF PF WK
61 HF WK LF WK 146 PF LF PF HF
62 HF WK LF HF 147 PF LF PF PF
63 HF WK LF FF 148 PF LF PF LF
64 HF WK LF LF 149 PF LF LF WK
65 HF HF WK WK 150 PF LF LF HF
66 HF HF WK HF 151 PF LF LF PF
a7 HF HF WK PF 152 PF LF LF LF
68 HF HF WK LF 153 LF WK WK WK
&9 HF HF LF WK 154 LF WK WK HF
70 HF HF LF HF 155 LF WK WK PF
1 HF HF LF PF 156 LF WK WK LF
72 HF HF LF LF 157 LF WK HF WK
73 HF PF WK WK 158 LF WK HF HF
74 HF PF WK HF 159 LF WK HF PF
75 HF PF WK PF 160 LF WK HF LF
76 HF PF WK LF 161 LF WK PF WK
77 HF PF PR WK 162 LF WK PF HF
78 HF PF PF HF 163 LF WK PF PF
79 HF PF PF PF 164 LF WK PF LF
80 HF PF PF LF 165 LF WK LF WK
81 HF PF LF WK 166 LF WK LF HF
82 HF PF LF HF 167 LF WK LF PF
83 HF PF LF PF 168 LF WK LF LF
84 HF PF LF LF 189 LF HF WK WK
85 HF LF WK WK 170 LF HF WK HF

Table 7.8: Fuel rig system scenarios for a tank section - one line - 1
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Scenarigy MAIN [RECYCLE MAIN [DRAIN Scenario] MAIN |RECYCLE MAIN |ORAIN

BECTIONLINE L1/LLINE L1/L2 LINE ECTIONLINE L1/L2LINE L}/LY LINE
171 LF HF WK PF 188 LF PF LF LF
172 LF HF WK LF 189 LF LF WK WK
173 LF HF LF WK 180 LF LF WK HF
174 LF HF LF HF 191 LF LF WK PF
175 LF HF LF PF 162 LF LF WK LF
176 LF HF LF LF 193 LF LF HF WK
177 LF PF WK WK 194 LF LF HF HF
178 LF PF WK HF 195 LF LF HF PF
179 LF PF WK PF 196 LF LF HF LF
180 LF PF WK LF 197 LF LF PF WK
181 LF PF PF WK 198 LF LF PF HF
182 LF PF PF HF 199 LF LF PF PF
183 LF PF PF PF 200 LF LF PF LF
184 LF PF PF LF 201 LF LF LF WK
185 LF PR LF WK 202 LF LF LF HF
186 LF PF LF HF 203 LF LF LF PF
187 LF PF LF PF 204 LF LF LF LF

Table 7.9: Fuel rig system scenarios for a tank section - one line - 2

74.1.6.2 Potential Patterns for Subsystem Variables

As for the key variables the system pattern behaviour is identified from the flow and level
sensors. Deviated readings from the key variables are examined in more detail. These are
used to highlight any problems within each tank section and once a deviation is indicated
an investigation of the appropriate subsystem variables can take place. This will indicate
any inconsistencies within the appropriate section. It may be concluded that more than
one section has a deviation, therefore these would need to be investigated separately for

each.

To investigate the patterns for the main tank section knowledge of those expected are
required. These are shown in Tables 7.10 to 7.13 for the ACTIVE mode for phases 1 to 6,
and for the DORMANT mode respectively, for both lines.

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN
FLOW L1 FLOW L1 L2 FLOW L2 FLOW
LT0110 FT0130 FTQ111 FTO110 FT0121 FT0120 FT0100

ACTIVEPHASE1/2/3 | RL ]

1, 4, 13, 18, 17, 20, 21, 24, 157, 160, 169, 172, 173, 176, 177, 180, 209, 212, 221, 224, 225, 228, 229, 232,
261, 264, 273, 276, 277, 280, 281, 284, 1609, 1612, 1621, 1624, 1625, 1628, 1629, 1632, 1765, 1768, 1777
1780, 1781, 1784, 1785, 1788, 1817, 1820, 1829, 1832, 1833, 1836, 1837, 1840, 1869, 1872, 1881, 1884,
1885, 1888, 1889, 1892

Scenarios !

Table 7.10: Expected sensor patterns for the main tank section
in the ACTIVE operating mode when in phases I, 2 and 3 - both lines

These tables include the expected patterns when using the redundant line in the main tank
section. In the event of failure occurring in the main stream line the system functionality
is such that it will switch to the redundant line, therefore the system will be able to carry

on working as required with the fajlure present. The redundant line is only used in the
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event of a failure causing no flow out of the subsystem as a result of an unexpected key
flow variable pattern for the given tank section. Therefore the expected patterns for the

system will also change, as shown in the second line Table 7.11. The scenarios when using

the redundant line will be dependent upon the set of patterns exhibited from the main line.

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN
FLOW L1 FLOW L1 Lz FLOW L2 FLOW
LT0110 FTO0130 FT0111 FTO110 FT0121 FT0120 FT0100
ACTIVEPHASE4 HLI j l \ ] l
TTTTTTETT 1, 4, 13, 186, 17, 20, 21, 24, 53, ¢ 56_, 65, 68, 69, 72, 73, 76, 469, 4_72—4_31_434_455,—458-439_49-2-551,_ B
Scenarios 524, 533, 536, 537, 540, 541, 544, 677, 680, 689, 692, 693, 696, 697, T00, T29, 732, 741, T44, 745, 748,
749, 752, 905, 908, 917, 920, 921, 924, 925, 928, 957, 960, 969, 972, 973, 976, 977, 980
Operating Using

Redundant Line

Scenarios

Dependent upon patterns on Line L1.

Table 7.11: Expected sensor patterns for the main tank section

in the ACTIVE operating mode when in phase 4 - both lines

LEVEL MAIN | RECYCLE | STREAM | RECYCLE | STREAM DRAIN
FLOW Lt FLOW L1 Lz FLOW L2 FLOW
LTO0110 FT0130 FT0111 FTO110 FTo121 FT0120 FTO100
ACTIVEPHASES/6 l l l I '
pso- L) T T T T T
R B 1, 4, 13,16, 37, 40, 49, 52, 157, 160, 169, 172, 103, 196, 205, 208, 469, 472, 481, 484, 505, 508, 6517,
Seonarios 520, 625, 628, 637, 640, 661, 664, 673, 676, 1509, 1612, 1621, 1624, 1645, 1648, 1657, 1660, 1765, 1768
{-] ric

2248, 2269, 2272, 2281

h .
1777, 1780, 1801, 1804, 1813, 1816, 2077, 2080, 2089, 2092, 2113, 2116, 2125, 2128, 2233, 2236, 2245
, 2284

Table 7.12: Expected sensor patterns for the main tank section
in the ACTIVE operating mode when in phases 5 and 6 - both lines

LEVEL MAIN | RECYCLE | STREAM | RECYCLE | STREAM DRAIN
FLOW L1 FLOW L1 L2 FLOW L2 FLOW
LT0110 FT0130 FTOI111 FT0110 FTo121 FT0120 FT0100
RL A
DORMANT
TTTTTTI 1, 4, 13, 16, 37, 40, 49, 52, 157, 160, 169, 172, 193, 196, 205, 208, 463, 472, 481, 484, 50S, 508, 517,
Sconaclos | 2% 625, 628, 637, 640, 661, 664, 673, 676, 1600, 1612, 1621, 1624, 1645, 1648, 1657, 1660, 1765, 1768
rig

,
1777, 1780, 1801, 1804, 1813, 1816, 2077, 2080, 2089, 2092, 2113, 2116, 2125, 2128, 2233, 2236, 2245
2248, 2269, 2272, 2281, 2284

Table 7.13: Expected sensor patterns for the main tank section

in the DORMANT operating mode

- both

lines

A deviation within a tank section may be the result of a failure on one or potentially both

of the stream lines. In the case where there is a failure in the main stream line and the

redundant line is being used the failed line can be investigated as the occurrence of a failure
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at this point in the system would be known. Tables 7.14 to 7.17 show the expected patterns

for one line (L1) in the main tank.

Scenarios

LEVEL

LT0110

MAIN
FLOW
FT0130

RECYCLE | STREAM DRAIN
L1 FLOW L1 FLOW
FT0111 FT0110 FT0100

ACTIVEPHASE1/2/3

1, 4, 13, 16,
33, 36, 37, 40,

153, 156, 165, 168,
169, 172, 173, 176

RL

—| |

Table 7.14: Expected sensor patterns for the main tank section

in the ACTIVE operating mode when in phases 1, 2 and 3 - one line

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN
FLOW L1 FLOW L1 FLOW
LTO0110 FT0130 FTO111 FT0110 FT0100
1,4, 5,8
33, 36, a7, 40

AL -
ACTIVEPHASE4 *‘:I\ ‘ l

T

153, 166, 157, 160
189, 192, 193, 196

Table 7.15: Expected sensor patterns for the main tank section

in the ACTIVE operating mode when in phase 4 - one line

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN
FLOW L1 FLOW L1 FLOW
LTO0110 FT0130 FTo111 FTo110 FTO100
1,4, 13,16
33, 36, 45, 48
ACTIVEPHASES/6 53, 156, 165, 168 pgo, ] | ] I
189, 192, 201, 204 ) i i )

Table 7.16: Expected sensor patterns for the main tank section
in the ACTIVE operating mode when in phases 5 and 6 - one line

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN
FLOW L1 FLOW L1 FLOW
LTO110 FT0130 FTo111 FTO110 FT0100

1, 4, 18, 16

33, 36, 45,48 |RET—
RMANT e
Do 153, 156, 165, 168
189, 192, 201, 204 j ) "

Table 7.17: Expected sensor patterns for the main tank section
in the DORMANT operating mode - one line

In a similar manner as carried out for the sets of patterns obtained from the key variables

for each set of patterns a list of possible scenarios are obtained.
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7.4.1.7 Fault Tree Construction

7.4.1.7.1 Fault Tree Development

Non-coherent fault trees are drawn to determine the causality of deviations from expected
sensor readings within the system. A tree is developed for each transmitter in a subsystem
by taking into consideration the system operating mode and the potential causes of failure
within this part, thus restricting the boundary of causes to that particular section of the

system.

Non-coherent fault trees are constructed for deviations from the expected observations for
the flow transmitters on the drainage line and each of the streams L1 and L2. Due to
the symmetry of the structure the potential causes of failure for each of these streams are
the same, the only difference being the numbering on each line. When the transmitters
are known to be functioning correctly this information is incorporated into the analysis
by drawing a success tree. Fault trees are also drawn for the level transmitter in each
subsystem, indicating a loss of containment within the tank itself or another part of the

subsystem.

Fault trees have been constructed for the failure modes of each flow and level transmitter in
a tank unit, details of which can be found in Appendix D. The structure of the main, wing
and collector tanks are the same, therefore only fault trees for the main tank are illustrated.
Fault trees are drawn for high, partial and low flow from each flow transmitter and constant,
linearly decreasing and non-linearly decreasing levels from the level transmitters. Success

trees have also been developed for when the system is functioning correctly.

7.4.1.7.2 Possible Component Failures

To apply fault tree analysis to any system all possible failures that could occur for each of
the system components must be defined. Table 7.18 contains a list of possible component
failures and their code for the main, wing and collector tanks in the system. The notation ‘¢’
represents the particular subsystem and ‘;’ the component number within the subsystem.
As all sensors are assumed to be reliable the possible failures for flow and levels sensors

have been omitted.
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Code

Component Failure

IVPOij0FC (1 €4 < 3) (1 < § < 3) -
IVPOijOFO (1 £i53) (153 -
IVPOIjOFS (1 <6< 3) (155 <3) -
IVPOij0B (1 €i<3)(1€5<8) -
IVPOiHOPB (1 <i<3) (1 €5 <3) -
IVPOFOL (1 €i£3) (1 €5 £3) -
PSVOif0ISC (1 €§<3) (1S5 €2) -
PSV0ijOISO (1€4<)(1<5ig2) -
PSVOijOFS (1£i<3) (152 -
PSVOijOB (1 €i<3) (1S5 <2) R
PSVOijOPB (15i<3)(1<5<2) -
PSVOijOL (1 €i<3)(1€5€2) -
BPOijOB (1€i<3)(1<j<2) -
BPOijOPB (1 <i < (1< <2) -
BPHOL(1<i<3)(1<£i<2) -
PPOijOFSO (1 <€i €3} (1€5<2) -
PPOijOFM {1 i £3) (1£5<2) -
PPOIOL (1 Ki£3)(1 €5 <2) -
PPOifjOFO (01 €i<3) (1535 < 2) -
P0ijB (1< €< 38) (01 < <25) -
POijF (1 €< 3) (01 <5 < 25) -
POi;PB (1 €4 < 3) (01 €7 < 25) -
PO#HL (1< ¢ < 3) (01 £ j < 25) -
TKO{10R (1 £ i £ 3) R
TKO0{10L (1 < < 3) -
CTOif0T (1 €453 (1£5<3) -
CTOij0F (1 Si<3(1<5<3) .

Powered Isolation Valve IVP0{j0 Fails Closed

Powered Isolation Valve IVP0:i70 Fails Open

Powered Isolation Valve IVP0{50 Fails Stuck

Powerad Isolation Valve IVP0ij0 is Blocked

Powered Isolation Valve IVP0ij0 is Partially Blocked
Powered Isolation Valve IVP0ij0 is Leaking

Pressure Sprung Relief Valve PSV(ij0 Fails Incorrectly Set Closed
Pressure Sprung Relief Valve PSV0i;j0 Fails Incorrectly Set Open
Presaure Sprung Relief Valve PSV0ij0 Fails Stuck
Pressure Sprung Relief Valve PSV0450 is Blocked

FPressure Sprung Relief Valve PSV0ij0 is Partially Blocked
Pressure Sprung Relief Valve PSV(ij0 is Leaking

Back Pressure Valve BP0ij0 is Blocked

Back Pressure Valve BP0ij0 is Partially Blocked

Back Pressure Valve BP0:j0 is Leaking

Peristaltic Pump PP0ij0 Fails Shut Off

Peristaltic Pump PP0:;j0 Fails Mechanically

Peristaltic Pump PP0ij0 is Leaking

Peristaltic Pump PP0i;j0 Fails On

Pipe P0ij is Blocked

Pipe P0ij ie Fractured

Pipe P0ij is Partially Blocked

Pipe P0ij is Leaking

Tank TK0410 ia Ruptured

Tank TK0410 is Leaking

Controller CT0ij0 faila reading True

Controller CTGij0 fails reading False

Table 7.18: Potential component failures for the fuel rig system

7.4.2 Fault Identification -

The Application Stage

7.4.2.1 Identification of Actual Patterns

The patterns in Table 7.2 are used to indicate a problem in the overall system operation

in the ACTIVE mode. Assume for example there is no flow out of the main tank when it

is required in phase ACTIVE4. The system has been working as required up to this point.

The expected and actual readings obtained for the system key variables are as shown in

Table 7.19 along with the potential scenarios for the patterns from the key variables.

Scenarios | MAIN

FT0130

MAIN WING WING [COLLECTORCOLLECTOR
LEVEL LEVEL LEVEL
LTo0110 FT0230 LT0210 FT0330 LTQ310

ACTIVE4 (Lo =Ts) |1, 2,13, 14 ]
Expected Patterns (17, 18, 29, 30

i

RL 4 ] RL 4
T1
T2
PSOA PSOF——o—g

Actual Patterns

RL +—7F ] RL
Tl
T2

PSfm———s PS03

ACTIVEA (Lo < T2) 19, 52, 61, 64]

Table 7.19: Actual sensor patterns for the overall system in ACTIVE phase 4
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7.4.2.2 Identification of Deviated Key Variables

Table 7.19 shows that the level in the collector tank is decreasing below threshold T3 when
it should be constant. The pattern from the main tank level (LT0110) at this point should
be linearly decreasing and no flow out of the main tank is also indicating a problem. Key
variable patterns not consistent with those expected for ACTIVE4 are FT0130, LT0110
and LT0310. An unchangeable level in the main tank indicates there is water present,
unless a sensor has failed. Therefore there is at least one pattern not consistent with those
expected in Table 7.19 for the given phase. A list of potential scenarios for the system is
given. By forming a fault tree structure for the scenarios the problem can be identified as

being present in the subsystem containing the main tank.

7.4.2.3 TOP Event Structure Construction

A comparison of subsystem sensors is made and patterns identified in the same way as for
the overall system. Each stream is investigated to ascertain the potential failure cause.
Table 7.20 shows an example of expected and actual sensor patterns for the working (L1)
and redundant (L2) lines.

LEVEL MAIN | RECYCLE | STREAM | RECYCLE | STREAM | DRAIN
FLOW L1 FLOW L1 L2 FLOW L2 FLOW
LT0110 FTD130 FTO111 FTO110 FT0121 FT0120 FT0100
ACTIVE4 RL ]
Expected Patterns | pq ] l
TT T T T T T T 19,18, 16,17, 20, 21, 24, 63, 56, 65, 68, 89, 72, 73, 76, 469, 472, 481, 484, 485, 488, 489, 492, 521,
Scenarlos 524, 533, 536, 537, 540, 641, 544, 677, 680, 689, 692, 693, 606, 697, 700, 729, T32, T41, T44, 745, T48,
749, 752, 905, 908, 917, 920, 921, 924, 925, 028, 557, 960, 69, 972, 973, 976, 977, 980
Actual RL 1 —
Patterna
" 7 Scenarios | 1869, 1872, 1861, 1884, 1885, 1888, 1889, 1802  _ _  ~ T~ - TT-ToTT T T TT
Operating Using RL \ F
Redundant Line Psod
" 7 Scenarios | 1869, 1872, 1873, 1876, 1605, 1908, 1809, 1912 T TTTTTTo oo Te
Actual RL 7 L +—
Patterns
B T

Table 7.20: Expected and actual sensor patterns for the main tank subsystem

when flow is expected on the outflow line

In this example actual patterns from the system are indicating that both lines L1 and L2
have flow on the recycle lines but not out on each of the stream lines. The flow sensor on

the drain line is the only one giving the expected pattern for the tank section.
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Figures 7.5 and 7.6 show the structure for scenarios 1889 and 1892 respectively together

with the corresponding level pattern.

(FTOTM) Fiow || LY FTINS || g10121) Flow || LZFT0NID
Law Fir Low Siowr

Figure 7.6: Structure for Scenario 1892 in the ACTIVE operating mode phase 4

Both deviated and working readings are included in the diagrams. The scenarios for each
set of patterns are then combined using an ‘OR’ gate to form the overall TOP event for

the sensor and level patterns, as shown in Figure 7.7.

Observed
Symptoms

Scenarie 1889 { | Scenano 1892
ACTIVE ACTIVE

Figure 7.7: TOP event structure for example

7.4.2.4 Prime Implicants

A qualitative analysis of the fault tree in Figure 7.7 will produce a set of prime implicants
that highlight the potential causes of failure for these given subsystem symptoms, along

with the working components. An example prime implicant obtained in this case is:
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P0113B.PO113F.P0113PB.P0O113L.PO112F . P0112L.P0111F. PO111L.PO110F. PO110L. PO109F
.P0109L.BP0O120L.1VP0120L.IVP01208.IVP0120FO.CT0120T . PO107E.PO107F. PO107TPB
P0107L.P0108B .PO108F .P0108PB .POL08L.PP01 20FSO.PP0120FM.PP0O120L.PO118B

.PSV0120B.F5V0120PB.P5V01205. PSV0120L.P0O106F. PO106L. P0O105F. PO105L. FO104F
_P0104L.P0103L.PO103F. BP0110L.IVP0I110L.IVP01103.IVP01 10FQ.CT0110T. PO1018. POI0OIF
POI0IPB.F0101L. POI102B. P0102F. POL02PB. PO102L. PPOL10FSO.PPO110FM.FP0O110L. PO116B
JP0115F.FP0115PB.FO115L.P01168. P01 16F.PO116PB.PO116L.FOI17B. P01 17PB.PSVOI10I5C
.PSV0110B.PSV0110PB.PSV01108. PSV0110L.]VP01808.IVPOIS0FO.CT0130T. TKOI10L. TKO110R

This prime implicant is of order 85. In total 66 prime implicants are obtained, two of order
85 and 64 of order 86.

7.4.2.5 Potential Causes of System Failure

Any working component states are removed at this stage from the prime implicants by
performing a coherent approximation, to give a list of potential causes of failure. The
potential causes for the example are shown in Table 7.21. Post connection failures are
failures that occur after the two streams join. The method has correctly identified all the

potential causes of failure in this particular case.

Post Connection Failures Failure on Failure on
Stream L1 Stream L2
1) PO113B 1) P0103B 1} PO109B
2} P0114B 2) P0104B 2) P0110B
3) POL05B AND | 3) POLLIB
OR ["4) Po106B 4) PO112B
5) BPO110B 5} BP0120B
6) IVPO110FC 6} IVP0120FC
7) IVP0110B 7) IVP0120B
8) CTOL10F 8) CTO120F
Potential Failure Causes (Order 1): 2 Potential Failure Causes (Order 2): 64

Table 7.21: Potential causes of failure

Table 7.21 shows there are 66 potential causes of system failure, 2 of order 1, as shown in
the first column of the table and 64 of second order that are obtained by ANDing together
the failures on stream L1 with those on L2. For instance, P0113B is a single failure and
P0103B.IVP0120FC is a multiple failure containing two faults. '
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7.4.2.6 Ranking of Failure Modes

Measures of importance [29] are used to identify the most likely cause of failure. The
unavailability of each component is calculated using Equation 3.35. The Fussell-Vesely
measure of minimal cut set importance, shown in Equation 3.49 is then used to rank the
cut sets that were obtained using the method. Table 7.22 shows the unavailability of each

component, assuming that the deviation occurred at ¢ = 3600s.

Component Conditional Unavailability
Failure Failure Rate

POL103B-P0106B, P0109B-P0114B | 1.0x10-8 3.5999351x 10~5
BP0O110B, BP0120B 1.9x10~7 | 6.83766123% 104
IVP0110FC, IVP0120FC 1.5x10-7 | 5.39854225% 104
IVP0110B, IVP0120B 2.5%10°7 8.9959512x 10~4
CTO110F, CT0120F 7.4x1076 2.6288285x 10~2

Table 7.22: Component failure rate and unavailability

Qsys is determined using the Rare Event Approximation (see Section 3.6.2.2.2), and
for this example was found to be Qgys = 8.874151607x10~4, Using the Fussell-Vesely
measure of of minimal cut set importance has shown that the most likely cause of failure is

CT0110F.CT0120F - controller CT0110 and CT0120 both failing reading FALSE - in this

case.

7.5 Results

The example used in Section 7.4.2 has illustrated how the method obtains the potential
causes of failure for the actual set of patterns identified from the system when a deviation in
sub-mode ACTIVE4 occurs. This indicates that flow from the main tank section is required
but is not occurring. There are 8 other sets of patterns for both lines in the main tank
section that could have shown the deviation in the key variables of failure to output fluid,
as illustrated in Table 7.23. The first two lines of the table are the required patterns out of

the main tank section using the main and redundant lines respectively.

For a given set of symptoms the most ideal outcome would be to obtain one potential cause
of failure, of single order. In reality however this will not always be the case. The more
components there are in a potential cause the less likely it will be the reason for failure.

Therefore the potential causes of failure obtained are up to and including those of order 3
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Results

to reduce the complexity of the analysis. The effectiveness index Ir that was used in the

water tank system is used to indicate how well the method has been scaled up for use on

the fuel rig.
Possible LEVEL MAIN | RECYCLE | STREAM | RECYCLE | STREAM | DRAIN Results Number of
Pattern FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FTO111 FTO0110 FT0121 FT0120 FT0100 ne | neg na;
ST L LAl E
PS | I '
T T T T T 1,4, 13, 18, 17, 20, 21, 24, 53, 56, 65, 68, 69, 72, T3, 76, 469, 472, 481, 484, 485, 458, 489, 492, 623, |
Scenarioa | 524, 533, 536, 537, 540, 541, 544, 677, 680, 689, 692, 693, 696, 697, 700, 729, 732, T41, 744, 745, T48,
749, 752, 905, 908, 917, 920, 921, 924, 925, 928, 957, 960, 969, 972, 973, 976, 9TT, 980
RLQ]\ .
psod
Scenarlos | 1869, 1872, 1873, 1876, 1905, 1008, 1909, 1912~ " 7 I
RL A
1 9 9 9
Scenarios | 1777, 1780, 1813, 1816, 2245, 2248, 2281, 2284  ~~—°-° 77 ST TTET T TmsTEoT TS
RL 4 1
2 I 24 | 24 30
Scenarlos | 1785, 1788, 2253, 2256 T T T TTT T ST TS TTo T s e
RL +—mo
3 | 192 | 102 240
_________________________ |  r——l_*t—| r——=|l _r—= __L __l_____.
Scenarios 1797, 1800, 2265, 2268
RL t
4 24 | 24 30
Scenarlos | 1881, 1884, 1817, 1020 " TS TT 77 ST T T TTTTTTT o T s T E T T
RL
5 66 | s 66
Scenarlos | 1889, 1892 T~ T T T TTT o7 ST Tt TTTm s T T e T e T e T
RL l
6 S 528 | 528 528
Scenarios | 1901,1904 T T TTToTTTmommmommT oo ST TTTT T TmmEETm o T el
RL A
7 ] 192 | 192 240
Scenarlos | 2037, 2040 T T TTTETTToS ST TTTToTTT ST ETEe s s m s E o T
RL y
B 528 | E28 528
Scenartos | 2045, 2048, 2073, 2076 " "7 STTTTTTTTmToT T T TTT T TTT T
RL
9 | b 128 | 128 128
Scenarlos | 2057,2080 T T TTTTTToomSsTmoomomsssTm T emm s TToTTEmsT T

Effectiveness Index I g l

0.911

Table 7.23: Possible flow and level patterns for the main tank when there is a constant level
and no flow out of the tank in the ACTIVE operating mode - both lines

Results have been obtained considering the possible patterns that could occur for the given

key variables in this case. There are four sets of patterns for which the actual number of

potential failure causes are not obtained. These are numbers 2, 3, 4, and 7. Pattern 4 is a
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‘mirror image’ of 2 and similarly with 7 and 3. The results obtained in patterns 1, 5, 6, 8
and 9 are correct for the given readings. The results give an effectiveness index Ig = 0.911,
indicating that although not all possible component failures were identified the method has

still achieved a very good result.

In pattern 2 there are 24 potential causes of failure obtained, but 30 actual possibilities.
On line L1 no flow at both FT0111 on the recycle line and at FT0110 are caused by
peristaltic pump PP0110 failing shut off (PP0O110FSO), or pipes P0101 or P0102 being
blocked (P0101B, P0102B). On line L2 there is flow at FT0121 and no flow at FT0120. This
situation is caused by either a blockage in pipes P0109, P0110, P0111 or P0112 (P0109B,
P0110B, P0111B, P0112B) or powered isolation valve IVP0120 failing closed, blocked or |
controller CT0120 causing the valve to be closed (IVP0120FC, IVP0120B, CT0120F). This
gives the 24 possibilities that were obtained by the method. In addition to these failures
on line L2 there could also be a blockage in pipes P0113 or P0114 (P0113B, P0114B),
but these failures are hidden because they are a potential cause for both lines and get
cancelled out by the expected behaviour at FT(0111. This problem was also the reason for

the non-identification of all failures in patterns 3, 4 and 7.

A deviation could occur in the system, but it could continue with normal operation using
system redundancy. Assume the key variables indicate as before and the conclusion drawn
is that there is a problem in the main tank section. In the event of a failure on the main
stream line, the system will use the redundant line. There will however be a pattern from
the main stream line sensors indicating that a problem has occurred, resulting in the use
of the secondary line. In this case switching to the redundant line in the tank may enable
it to carry on as required. Regardless of whether the system carries on working or not the
failed line can be investigated to ascertain the problem. There are 3 sets of patterns that

could be indicated from the given key variables, these are shown in Table 7.24.

The first line shows the required patterns out of the main tank section using the main
stream line. There are 3 possible sets of patterns that can result in no flow out of the tank
and no change in the level. In all cases the correct number of potential causes of failure
have been obtained. The effectiveness index of 1.000 indicates that the method has worked

well in this case when investigating one line.

165



Application of the Dynamic Method to the Puel Rig Discussion of Results

Poaslble Scenarios LEVEL L1 MAIN RECYCLE | STREAM DRAIN Resulte |Number of
Pattern FLOW L1 L1 FLOW L1 FLOW Actual
Possibilities
LT0110 FT0130 FT0111 FT0110 FT0100 Ty neq na;
1, 4, 5, 8, 33, 36, 37, RL
- ho, 153, 156, 157, 160, ‘J\ ]
189, 192, 193, 196 | PSC7
RL ~—r
1 165, 168, 201, 204 3 3 3
RL ——— derr—
2 173, 176 10 10 10
RL T—
3 185, 188 J 80 80 &0
Effectiveness Index I'p 1.000

Table 7.24: Possible flow and level patterns for the main tank when there is a constant level
and no flow out of the tank in the ACTIVE operating mode - one line

Results are shown in Appendix E for various key variable patterns that lead to a failure
within the main tank section to demonstrate the method in the ACTIVE mode. Additional
results in the DORMANT mode are shown in Appendix F for the situation where it has
been concluded that a problem has occurred in the main tank causing unwanted flow.
The results include patterns exhibiting unexpected flow, low flow and no flow when in the
ACTIVE operating mode and unexpected flow or low flow when in the DORMANT mode.

7.6 Discussion of Results

7.6.1 Overview

The results have given an average effectiveness index of Ir = 0.973 for investigating both
lines together and Ig = 0.886 when looking at a single line in the ACTIVE operating mode.
These show that in both cases the method has been very effective at obtaining the potential
causes of failure for the given subsystem. DORMANT results, shown in Appendix F have
yielded an average effectiveness index of Ig = 1.000 for both lines and Ig = 1.000 looking
at a single line respectively, therefore strengthening the performance of the method in both
cases. Application to an aircraft is required to determine how effective the method can be

on a real system.

Advantages and disadvantages were obtained for looking at lines singularly and together.
Investigating both lines was more likely to give higher order possibilities, therefore breaking

the analysis up into separate lines in this case would enable the analysis to focus in on the
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actual cause. Investigating one line at a time reduces the complexity of the problem. The
results show that there are in general less potential causes of failure when looking at a
single line. Also the combining of less sensor readings compared to investigating both lines
reduces the time taken to obtained a diagnosis. A single line was not always enough to find
the cause, as the line under investigation indicated that this was not causing the overall
failure on the outflow of the subsystem. Therefore the second line in this instance would

also need investigation.

When there is unexpected no flow out of the tank it is advantageous to look at each of the
lines separately because it is known that the line on which flow is expected has failed. If
unexpected flow occurs then either of the two lines could have caused the failure. Therefore
when one line is investigated in this situation it may not necessarily be the one that contains
the failure. If it is deduced that the line being investigated does not contain the cause then

the second line can be examined in further detail.

7.6.2 Limited Order

The likelihood of a potential cause being the actual failure decreases the larger the cut set
order. Therefore, only potential causes of up to order 3 were obtained during the analysis.
This has indicated that some of the sensor patterns, although valid, are not very likely to
occur. Limiting the order has therefore enabled the method to focus in on the most probable
faults and highlight scenarios that are not very likely to appear in the analysis. Possible
causes of higher order were more likely to occur when looking at both lines together. In
these cases it would be better to investigate lines separately to reduce this and focus in on
the failed area. As used in the analysis of the water tank system, in the event that there is
more than one possible fault, measures of importance are used to obtain the overall cause

of failure.

7.6.3 Subsystems

The breaking down of the system into smaller sections has meant that the method can be
utilised on larger scale systems. Monitoring the key process variables enabled any deviation
in the patterns to be highlighted in the event of a problem within each subsystem. Once
a subsystem has been pinpointed as having a failure it can then be investigated further to

focus in on the most likely cause.
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7.6.4 Complexity of the Fault Trees

The fault trees shown in Appendix D for the fuel rig system in the majority of cases are
quite large, especially compared to those used in the water tank system. Another approach
that could be used to potentially reduce the complexity of the analysis would be to just
indicate the components that could have potentially failed for the system rather than how.
This would reduce the size of the fault trees. However, different failure states will result in
different types of sensor readings, for instance a blockage in a pipe may affect the system
differently to a fracture. NOT logic is used to remove any deviations both within the fault
trees and by indicating what component states should not be failed when a sensor is not
deviated. Therefore alternatively the same type of failures could be grouped together such
as all blockages in pipes that could be the result of the same sensor deviation. This would
reduce the size of the fault trees, by identifying the location and type of failure rather than
the actual cause. A list of potential causes of failure could be drawn up for each type of
failure. Once the area in which the failure location is obtained and the type of failure found,

the most likely cause could be ascertained from the list using measure of importance.

7.6.5 Sensor Failures

The sensors in the system were assumed to be reliable. A failure in a sensor could however be
indicated in the system by any patterns that are deemed invalid, for instance the occurrence
of overall flow out of the tank, but no flow on either of the two lines before this. A set of

patterns that cannot occur would be identified.

If a set of patterns were to occur that were not valid then this would signify the occurrence
of a problem with one or more of the sensors within the system or subsystem under

investigation and that these rather than any of the other components should be investigated.

7.7 Summary

o The dynamic method is extended and described by applying it to a model based on
a fuel rig from BAE Systems. This features redundancy and is a larger system than

previously considered.

e In the majority of cases the method has effectively identified the potential causes of
failure for both the ACTIVE and the DORMANT operating modes.
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e Application to a real aircraft fuel system is required to validate the method’s

effectiveness and scalability to an even larger example.
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Chapter 8

Application to Aircraft Fuel Systems

8.1 Ihtroduction

The fault tree method so far has only been demonstrated on smail, simple systems. This
chapter describes the characteristics of aircraft fuel systems, indicating any similarities and

difficulties that may be faced when applying the fault diagnostic method.

8.2 Aircraft Systems

The overview of a general aircraft system has highlighted a number of issues that may be
encountered. This section looks at these issues and how this will impact on the application of
the fault diagnostic method. The Modelling and Preparation Stage (MPS) steps described

in Section 7.2.1 were:

1. System division
2. Identification of system sensors

3. Identification of key process variables

TN

. System scenario identification

o

. System operating modes and assumptions

(=]

. System scenarios
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Aircraft Systems

7. Expected pattern behaviour for key variables

8. Expected pattern behaviour for other variables

0. Fault tree construction

The method is now applied to an example aircraft fuel system.

8.2.1 Nimrod MRA4

The Nimrod is the world’s only jet powered maritime patrol and anti-submarine aircraft

developed in the 1960s through extensive modification of the de Havilland Comet, which

was the world’s first jetliner. It was created in order to replace the Royal Air Force’s piston-

engined Avro Shackleton as their primary maritime patrol aircraft and has been so since

the early 1970s. The most recent design of the Nimrod is the MRA4, the main roles for

which are maritime reconnaissance, anti-submarine warfare, anti-surface unit warfare, and

search and rescue. The fuel system is comprised of thirteen tanks supplying four engines, a

typical structure for the Nimrod MRA4 is as illustrated in Figure 8.1 [81]. The aim, as for

any aircraft fuel system, is to provide an adequate supply of fuel to each of the four engines

for the duration of flight.

;

i

i l

Figure 8.1: The Nimrod MRA4 Fuel System
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The fuel system consists of three collecting or feed tanks used to supply four engines via a
fuel feed gallery. In addition each wing contains three tanks that feed into a collecting tank,
and similarly in there are four feeding tanks within the fuselage. A surge tank is located in
each of the wings, which is part of the venting system. These are used to prevent fuel from

being lost in the event of any entering the venting system.

8.2.1.1 System Component Description

82.1.1.1 Fuel Tanks

Tanks 1, 5 and 6 are located within the main fuselage and two of each of the remaining
tanks labelled 2, 3, 4, 4A and 7 are located within each of the wings, as shown in Figure 8.1.
Those labelled 4A are pod tanks and are directly linked to their adjacent tank 4, from which
4A is gravity fed fuel. As a result, the total fuel within tanks 4 and 4A is gauged together.
The three collector tanks are tank 1 and 4/4A within each of the wings. When the system
is in normal operation tank 1 will feed engines 2 and 3, with tank 4/4A on the left-hand
side feeding engine 1 and tank 4/4A on the right-hand side feeding engine 4. Tanks 2, 3, 5,

6 and 7 are transfer tanks as fuel is transferred from these to the tanks feeding the engines.

8.2.1.1.2 Fuel Measurement

The contents of fuel within each tank is measured using capacitance gauge probes. An
accurate mass of fuel is obtained from these measurements as well as data from the
Enhanced Global-positioning-system Inertial-navigation-unit (EGI), densitometers, which
are located in tanks 1, 2 (right-hand side) and 4 (left-hand-side), level sensors and
compensators. The mass of each individual tank is displayed and the total amount available
is indicated to the pilot. From this, the level of fuel within each tank can also be determined.

The information obtained is also used to determine the centre of gravity for the aircraft.

The distribution of fuel within the aircraft is controlled by the Fuel Management System
(FUM). The main part of this is the Utilities Systems Management System (USMS). For the
majority of time fuel within the system is automatically controlled and managed through
USMS computers 1 and 2 using the information obtained from the measurements taken
in the Fuel Gauging and Levelling Sensing System (FUG). The aircrew provide manual
input in the event of certain malfunctions taking place, and also during refuel, defuel, fuel

dumping, fuel transfer and air-to-air refuelling. Temperature sensors are located within
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each collecting tank to indicate if it is within an acceptable limit. A high temperature
could cause the fuel to boil and if it is too low it could result in it waxing, if water is

present in the fuel then this could freeze.

8.2.1.1.3 Fuel Galleries

The system contains two main fuel galleries that enable fuel to be pumped between the tanks
and on to the engines and auxiliary power unit. An illustration of the fuel system indicating
the locations of the two main fuel galleries, labelled ‘fuel feed gallery’ and ‘refuel /transfer
gallery’, are shown in Figure 8.2 [82]. The fuel feed gallery is fed from collecting tanks 1 and
4AR/L. The refuel/transfer gallery is used to transport fuel to the appropriate collecting

tank when the aircraft is in operation.

USMS 1 USMS 2 USMS 142 USMS 1 USMS 2
@ vontors @ Montors @ control& control & control &
Manual Manual monitor monitor monitor
control control
Fuel feed

L1 L2 gallery L3
A# \ L4

_Ic ﬁx .DAFD/c[

D

T X

AFR

oo °®

®
4 group

1
Ll
S #
eft TX
Refuelftransfer L ——
gahery F 7L 6

Figure 8.2: Nimrod MRA4 fuel system components

> @
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8.2.1.1.4 Fuel Pumps and Valves

Each transfer tank - except for number 7 tanks - contains two transfer pumps (P) and
transfer pump valves (TX) so enables the fuel to be transported to the given collecting
tank (number 7 tanks contain only one transfer pump and valve). The three collecting
tanks (1 and 4) each have two feed pumps (P) and two feed isolate valves (F). In addition,
the number 4 tanks also contain a transfer pump to enable fuel to be fed from tank 4 to
4A in the event that gravity feeding is not possible, for instance when these tanks are low
on fuel. Non-return valves are located on the lines from each collecting tank to enable fuel
to be transferred to the back-up feed line. A component key for the fuel system is shown
in Figure 8.3 [82].

® Fuel pump = GM  Ground Master shut-off valve
@ A AARMaster shut-off valve @ L Engine LP fuel cocks

= AFD  APU Feed valve @S Tank shutoff valves

= AFR  APU Fire valve @m Tl Transfer isolate valves

&= C  Common-feed valves = TX  Pump transfer valves

e D Defuel isolate valves 6 X Cross feed valve

@8 DP  Dump isolate valves S Non-retum valves

&= F  Feedisolate valves W APS AAR pressure sensor

Figure 8.3: Nimrod MRA4 fuel system component key

Each pump within the system is located such that all fuel can be drawn from the tank, even
when the aircraft is at an angle. Each pump is able to operate independently as needed.

During normal operation both pumps in tank 1 are expected to provide fuel to the engines.

There are number of additional types of valve within the system. Each tank is fitted with
a shut-off valve (S) to control the flow of fuel into it. Fuel flow from the aircraft system to
the engine system can also be prevented by closing the manually controlled low pressure
fuel cocks (L). Common-feed (C) and cross-feed (X) valves enable fuel to be directed to
different locations along the fuel feed gallery, and similarly transfer isolate valves (TI) are

used to direct fuel along the refuel/transfer gallery to the collecting tanks.

The defuel isolate valves (D) are used during the defuelling and fuel dumping of the aircraft.
In addition to this they are also utilised in fuel transfer. The dump isolate valves (DP)
are opened when the system is in fuel dumping mode in order to release fuel. Other valves
include the ground master shut-off (GM) that are used during ground refuel and defuel, the

air-to-air refuelling valve (A) used when the aircraft is being refuelled in the air and the
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APU feed valve (AFD), APU fire valve (AFR) and APU fuel pump (P) control fuel flow
into the APU. The non-return valves force fuel to flow in one direction and prevent it from

going back the other way.

8.2.1.1.5 Fuel System Indicators and Displays

Fuel system data is displayed to the pilots via the fuel system page, the engine warning
display and the final fuel selector display.

Fuel System Page This is the main display that gives information regarding the modes
of system operation, fuel quantities in each tank, fuel temperature, the presence of
any leakages, the low pressure cock status (open or closed), the status of the XFEED,
LCOM and RCOM valves (open or closed), pipeline status {presence or absence of
fluid), and finally whether the system is in the fuel dump and refuel modes.

Engine Warning Display This displays any warnings that are encountered in the

system, such as low levels in fuel tanks and when fuel dumping is taking place.

Final Fuel Display This displays the final fuel that is manually selected by the FINAL
FUEL selector.

Multi-Function Control and Display Unit This displays mission information including

reports on flight progress, nearest airport locations and possible diversions.

Critical Data Area There is a critical data area on the fuel system page that displays
the total amount of fuel flow per hour, the amount of fuel available, reserve fuel, and
predicted fuel left once arriving at the chosen destination.

8.2.1.2 Level Transmitter Thresholds

Capacitance probes are located within each of the tanks in order to indicate high and low
levels by transmitting the information to the USMS. This information is then used to control
the transfer of fuel within the tanks in the system. An illustration of typical principles of the
capacitance probe functions for level indication is shown in Figure 8.4 [81]. There are five
main thresholds within each tank: ‘High-High’ (Hi-Hi), ‘High’ (Hi), ‘High-Low’ (Hi-Lo),
‘Low-High’ (Lo-Hi) and ‘Low-Low’ (Lo-Lo).
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Hi-Hi An OVERFILL alert is given when the Hi-Hi level is reached within any tank. This
will cause any shut off valves from refuelling appliances (for instance, during air-to-air

or ground refuel) to close.

Hi A Hi level reading from any tank will cause its shut off valve to close in order to stop

the fuel transfer into the tank.

Hi-Lo A tank’s shut off valve will open to enable the transfer of fuel into the tank when

the level reaches ‘Hi-Lo’ or below.

Lo-Hi The Lo-Hi level is that which any tank must be at in order to allow fuel to be
transferred from it to another tank within the system. Any level below this and fuel

transfer from the given tank cannot be carried out.

Lo-Lo Reaching the level Lo-Lo in any of the tanks will result in the termination of fuel
transfer from that particular tank. Fuel transfer will only recommence if the level in
the tank rises to the Lo-Hi level.

. Causes AAR and Ground MSOV's to close it
H B e - tias failed and initiates OVERFILL alert
- HI - Cioses tank SOV 1o stop ransfer into tank
Hi-Le - Opens lank SOV k initiate transfer inlo tank
{ Apprax. 150kg, below Hi sensor )

tf.
M B Lo-Hi- Renitiates transter from tank iffuel level rises
B3 Lc-Lo - Torminates transfar from lank

Figure 8.4: Nimrod MRAA4 capacitance probe functions for level indication

8.2.2 Modelling and Preparation Stage
8.2.2.1 System Division

For the fault detection process to take place the system described needs to be divided into
sections. This will enable the analysis to be broken down and allow failed areas to be
focused in on. During normal operation engine 1 is fed by collector tank 4/4A within the
left wing of the aircraft, which in turn are fed by transfer tanks 2 and 3. Similarly engine 4
is fed by collector tank 4/4A on the right-hand side of the aircraft, which is fed by transfer
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tanks 2 and 3 on that side. Finally engines 2 and 3 are fed by collecting tank 1, which
collects fuel from transfer tanks numbered 5, 6 and 7. The fuel system transfer is illustrated
in Figure 8.5 (based upon the diagram shown in Figure 8.1). The diagram also shows that
the system is split into three main sections, each containing a collector tank along with the
respective engine or engines being fed from them, and the tanks transferring fuel into them.

This will enable the analysis to focus on a collector tank section individually.

Figure 8.5: The Nimrod MRA4 fuel system sections and direction of transfer

Each of these sections is then divided further into sub-sections containing each tank, as
shown in Figures 8.6 and 8.7 for the left wing and the fuselage respectively. Both wings
are similar in structure. Tanks 4 and 4A are grouped together as the amount/level of fuel

is not gauged separately for each.

I |
. )
! |

et N |
| I,r—'~|| i
' H ' '
| ¥ Ly |
| || | i
' HIN N
I | =
| |: 3 :I 2 o
| X P | Z
o . 1| Wing |, 1| Wing [1f ™

ollector

1' :: Feeder :: Feeder :
I I || Tank | Tank |
| __ IIL__HJI_____,_I

Figure 8.6: Sub-division of the Nimrod MRA4 fuel system for the left wing
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_ ENGINE3Z 7 |

. ENGINE 2

Figure 8.7: Sub-division of the Nimrod MRA4 fuel system for the fuselage
8.2.2,.2 Identification of System Sensors

Measurements taken from the system include flow out of the tanks into the engines, and
the level within each tank. Each of the tanks contains a series of probes that are used to
continuously monitor the level of fuel and pass data to the USMS, as described in more
detail in Section 8.2.1.2. This information is combined with other data to determine the
overall mass of fuel within each tank and therefore within the whole system. There is a
flow transmitter on the line to each engine to indicate that the correct amount of fuel is
getting transferred. In addition flow transmitters could be located on each line out of a
feed tank and into each of the collecting tanks. These will indicate whether fuel has been
successfully transferred from a feed tank into a collector tank. Similarly flow meters could
be located to monitor fuel flow to and from other tanks within the system.

8.2.2.3 Key Variables

The key process variables within the system would be the level in each of the collecting tanks
and the flows into each of the four engines from the collecting tanks. The level in each of
the feeding tanks are also important factors to consider in the system functionality as these
could indicate a problem with an individual tank that may otherwise be left undetected.
The key process variables will indicate to the operator the occurrence of a failure and can

be used to determine in which part or parts the failure or failures are located.

Each wing section in the system contains one engine that is fed by one collecting tank. A
wing section therefore contains one key flow transmitter on the respective engine to the
collector tank, which contains the key level sensor for this section. The fuselage section

contains two engines, which are both fed via separate pumps and lines out of tank 1. In

178



Application to Atrcraft Fuel Systems Aircraft Systems

this case there are two key flow transmitter readings and one key level.

8.2.2.4 Operating Modes and Assumptions
8.2.24.1 Operating Modes

The major transfer modes in a military aircraft: engine feed and transfer, APU fuel feed,

air-to-air refuel, ground refuel or defuel, fuel dumping and shut down.
e Engine Fuel Feed and Transfer (XFER) - Fuel is transferred from the tanks to the
engines.

o APU Fuel Feed (APUFEED) - Fuel is fed from Tank 4R via the number 3 engine
gallery to the APU during norma!l operation.

o Air-to-Air Refuel (AAR) - The aircraft is refuelled from another plane whilst in flight

via the A valve,
o Ground Refuel (REFUEL) - The aircraft is refuelled whilst on the ground.
o Ground Defuel (DEFUEL) - The aircraft is defuelled whilst on the ground.
o Fuel Dump (DUMP} - Fuel is dumpeci from the nimrod via the DP valves.
o Shut Down (DORMANT) - The system is dormant, therefore no fuel transfer takes

place.

For the purposes of illustrating the method the XFER operating mode is examined in more
detail.

8.2.24.2 Assumptions

The following assumptions have been made for the Nimrod MRA4 fuel system:

e Systems sensors are assumed to be reliable.

¢ The system will start off with a full level of fuel in each tank if the system is in the
XFER, APUFEED, DUMP or DORMANT modes.
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8.2.2.5 System Scenarios and Patterns for the Key Process Variables
8.2.2.5.1 System Scenarios

The flow into each engine can be indicated as functioning normally (WK), failed in a mode
that causes high flow (HF) (eg: engine low pressure fuel cock valve open), failed resulting
in partial flow (PF) (eg: valve partially open) or failed in such a way that results in low
flow (LF) (eg: valve closed). If a section of the system is working this indicates that fluid
is being provided from that part to the engine or engines as and when required in response
to the system state and operating mode. Flow transmitters are located on the feed lines
for each engine and are labelled FT0100, FT0200, FT0300 and FT0400 for engines 1 to 4
respectively (see Figures 8.8 and 8.10). Each of the 4 sensors could be functioning in one of
the 4 possible ways described above, leading to 256 different potential scenarios that could
possibly occur (as 4* = 256). A few examples of the scenarios for these sensor readings are
shown in Table 8.1.

Scenario FT0100 F1'0200 FT0300 FT0400

1 WK WK WK WK
2 WK WK WK HF
3 WK WK WK PF
4

WK WK WK LF

Table 8.1: Nimrod fuel system key variable scenarios

The flow transmitters indicate whether the correct amount of fluid is exiting the given
collecting tank from which it is being fed and getting to the engine. Each potential scenario
is examined and patterns are recorded from the transmitter readings for the flows on the
engine lines for the wing and fuselage sections and the level in each of the collecting tanks
that feed the given engine or engines. The system scenarios for the key variables from
each section are used in the analysis to identify the section or sections where a failure has

ocecurred.

If all sensors in a system were analysed simultaneously then the amount of data could
be too complex to consider, especially on large systems. The method demonstrated on
the fuel rig system in Chapter 7 brought about the idea of using a hierarchical approach
to analysing a system by focusing on the area of failure using key variable sensors. This
involved examining the readings from key sensors and then investigating deviated areas
further, thus building up a hierarchy. This is now used on the Nimrod MRA4. The first set
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of flow sensors within the system to consider (key variable sensors) would be those on the
lines from the collecting tanks, along with their level sensors. This information can be used
to identify a deviation within a system section from the point of view of it not delivering

the correct amount of fuel.

8.2.2.5.2 Potential Patterns for Key Variables

A flow rate history is built up for each of the readings from the flow transmitters in order
to identify system pattern behaviour. In addition readings from the level sensors are used
to build up level patterns to determine the fluid flow or rate of change of height. These
indicate how the level within each collecting tank has changed over time. Both flow and
level patterns can therefore be used to determine a change in flow or level at given locations
in the system over time. The shape of the trend for each pattern is investigated in each
case. The XFER mode has three phases of operation, the expected sensor patterns for each
of these are shown in Table 8.2.

Scenarlos FT0100 LT0104L FT0200 FT0300 LT0201 FT0400 LT0404L
FLOW LEVEL FLOW FLOW LEVEL FLOW LEVEL
1, 2, 5, 6, 17, 18, ] 4
XFERPhasel| 21, 22, 65, 66, 69,
70, 81, 82, 85, 86

1, 2,5, 6, 17, 18, ] HI ] ] HI ] Hi
XFERPhase3[ 21, 22, 65, 66, 69,
70, 81, 82, 85, 86 LOLOY oLy LOLOoY

1, 4, 13, 18, 49, 52,
XFERPhase3) 61, 64, 193, 196, 205, ]
208, 241, 244, 253, 256 LOLO: LOLOf=——my LoLot

HI A H1 4

Table 8.2: Expected key sensor patterns for engine feed lines and level in each
collecting tank in the XFER, operating mode

A number of scenarios for each set of expected readings can be obtained, however, scenario
1 is the only one in which the system can be working as required. The other scenarios
contain potential failures, but these are hidden and the system carries on to seemingly
work as required. Any deviation from the expected patterns for each phase indicates that a
failure has occurred in some part of the system. At this point the engine that is not being
fed properly or a deviation in level in the respective collector tank indicates the section in
which the failure has occurred and therefore needs further investigation. If there is more
than one deviated section then each needs to be individually analysed in more detail. A
set of patterns are valid if they they can occur for any of the possible operating modes. For
each of these there will be at least one system scenario exhibited from the 256 outcomes

for the 4 sensors and their 4 possible values (see Table 8.1).
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8.2.2.6 System Scenarios and Patterns for Each Section

Information from the key variables within the system is used to identified the section or
sections of the system in which a failure has taken place. Once the section or sections
have been determined analysis can focus on obtaining the cause of failure. A potential
deviation within a section is analysed individually using additional sensor readings in the

given section.

8226.1 Wing Section
Scenarios

A set of scenarios has been developed for each of the wing section within the system using
sensors FT0100, FT0104 and FT(0102, as shown in Figure 8.8. (Flow transmitter FT0100 is
similar to FT0330 in the collector tank section on the fuel rig system, and similarly FT0102
and FT0104 are like FT0130 and FT0230 in the main and wing tank sections).

FT0100

|
i 1 | |
I | ! !
. raaetk .
1 |r l|! :
| I
' L I
| II Il ]‘ .
! X EEN N B ,'5
] |
1 | | | &
! Collector : : Wing : |I Wing : A
[
1] Tank | : Feeder : | Feeder I
| Iy Tank [} 1 Tank |
| 1 _ _ o=, | > —T1T1—I

FT0104 ! FT0102 *

Figure 8.8: Sensors in the wing section

These sensors will indicate to the user the sub-section or sub-sections in which the failure
has occurred. There are 4° = 64 different potential scenarios that this part of the system
can be in at any given point for the chosen sensor readings. These are obtained from having

3 sensors each with 4 possible values. Examples of the scenarios are shown in Table 8.3.
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Scenario FT0100 FT0104 F10102

1 WK WK WK
2 WK WK HF
3 WK WK PF
4 WK WK LF

Table 8.3: Nimrod fuel system wing section scenarios

The 64 scenarios can be used to indicate the area in the wing section in which the deviation
or deviations are located. Additional sensors within the system, for instance on the
individual lines out of each tank (as in the fuel rig example), can be used to carry out
a more in depth investigation into each tank within the wing section. This will lead to the
identification of more scenarios for that given system area. For example, there is a flow
sensor located on the feed line from wing feeder tank 2, but there could also be flow sensors
located on each of the lines out of this tank. Once it has been established that a failure is
located in this tank section, investigations can be carried to focus in once again on finding
the cause. Figure 8.9 illustrates tank 2 in the left wing section, showing the locations of
the sensors in this sub-section.

Wing
Feeder
Tank 2
FT0202 FT0212 FT0222
To Collector
Tank 4

Figure 8.9: Sub-section containing tank 2 in the left wing section

The sub-section shows that in addition to the flow sensor FT(0102 on the feed line there are
also sensors on the pump lines, labelled FT0112 and FT0122. There are 59 different valid

potential scenarios for this sub-section, as shown in Table 8.4.

Fcenario FTG102 FToliz FTCi22 Scenario FT0102 FTO112 FT0122 ~ Bcenario FT0102 FT0112 Froizz
1 WK WK WK 21 HF HF WK 4i PF LF WK
2 WK WK HF 22 HF HF " HF 42 PF LF HF
3 WK WK PF 23 HF HF PF 43 PF LF PF
4 WK WK LF 24 HF HF LF 44 LF WK WK
] WK HF WK 28 HF PF WK 45 LF WK HF
6 WK HF HF 26 HF PF HF 46 LF WK PF
7 WK HF PF 27 HF LF WK 47 LF WK LF
8 WK HF LF 28 HF LF HF 48 LF oF WK
9 WK PF WK 29 PF WK WK 49 LF HF HF
10 WK PF HF 30 PF WK HF 50 LF HF PF
11 WK PF PF 31 PF WK PF 51 LF HF LF
12 WK PF LF 32 PF WK LF 52 LF PF WK
13 WK LF WK 33 PF HF WK 53 LF PF HF
14 WK LF HF 34 PF HF HF 54 LF PF PF
15 WK LF PF a5 PF HF PF &b LF PF LF
16 WK LF LF 36 PF HF LF 56 LF LF WK
17 HF WK WK ar PF PF WK 57 LF LF HF
18 HF WK HF a8 PF PF HF 58 LF LF PF
19 HF WK PF 39 PF PF PF 59 LF LF LF
20 HF WK LF 40 PF PF LF

Table 8.4: Nimrod fuel system tank 2 sub-section scenarios
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(Flow transmitters ¥T0112 and FT0122 are in similar locations to FT0110 and FT0120
in the main tank section on the fuel rig system). There should be 64 potential scenarios
obtained from 3 sensors having 4 possible outcomes. However, 5 of the possibilities are
invalid for the location of the sensor readings, therefore are not included in the table of

possibilities. The invalid scenarios are shown in Table 8.5.

Scenario FT0102 F10112 FT0122

1 HF PF PF
2 HF PF LF
3 HF LF PF
4 HF LF LF
5 PF LF LF

Table 8.5: Nimrod fuel system tank 2 invalid sub-section scenarios

Scenarios 1 to 4 in Table 8.5 are invalid because high flow cannot occur at FT0102 if there
is only partial or no flow at FT0112 or FT0122, and in scenario 5 partial flow cannot occur
when there is only low flow at FT0112 or FT0122.

Patterns

In the same way as for the key variables a set of patterns can be developed from the flow
rate and level measurement history for the sensors in the left wing section, as shown in
Table 8.6.

Scenaries FTo0100 LTO0104 FTO104 LT0103 FTo0102 LT0102
FLOW LEVEL FLOW LEVEL FLOW LEVEL
1,2,5 6 | | HI

p 1 3 E 1 1H
. TH
XFERWingPhasel 17, 18, 21, 22 :{\

L4,58 y  |wmd— S BTN
XFERWingPhase2 %S \ LY E—
17, 20, 21, 24 ot
1,256 e ] ]
XFERWingPhase3 P j _TR91
17, 18, 21, 22 oLy Lom\
1,4,13,186 ] HI
XFERWingPhased » 16, ‘J\ l
17, 20, 29, 32 o104 LoLol oL
1,4, 13, 16
XFERWingPhsse5 P T | 1 ]
49, 52, 61, 64 oLl ool Lorol

Table 8.6: Expected sensor patterns for the left wing section
in the XFER operating mode

The patterns from the wing section will indicate the scenarios that the system could
potentially be in. This will highlight the tank or tanks in the section in which there is
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a problem, therefore showing which require further investigation. A deviation at FT0102
or LT0102 will indicate a problem in tank 2L in the system. This can then be investigated
in order to focus in on the possible problem area and determine the possible cause. The

patterns and their potential scenarios are shown in Table 8.7.

Scenarios FT0102 LTO0102 FTO112 FTo0122
FLOW LEVEL FLOW FLOW
XFERTank2Phasel 171’2':)" 52'1’3'24 %91,\ j
XFERTank2Phaso2 41', ‘1'7,135'6’165'9 TRe ———
XFERTank2Phase3 1,:’2‘;" 52’1'5’2 . __ Lgﬁ‘;{’\ T
XFERTank2Phascd 17?125'. 52162 , ﬁ o ﬂ _]
XPERTackzPhascs | L% 1910 el

Table 8.7: Expected sensor patterns for tank 2 in the left wing section
in the XFER operating mode

A fault tree can be constructed for any patterns that deviate from those expected in a given

phase in order to ascertain the most likely causes of failure in the system.

8.2.2.6.2 Fuselage Section
Seenarios

A set of scenarios has been developed for the fuselage section in this particular fuel system
for the sensors FT0201, FT0200 and FT0300, as shown in Figure 8.10.

FT0300

FT0205

| ENGINE 3

FTO206/TR

= S e =y

FT0207L

FTO0200

CENGINE2 —

Figure 8.10: Sensors in the fuselage section
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The lines that FT0200 and FT0300 are located on lead to engines 2 and 3 respectively, and
FT0201 is on the line leading into tank 1 in the same way as provided for each wing section.
(Flow transmitter FT0100 is similar to FT0330 in the collector tank section on the fuel rig
system, and similarly FT0104 and FT0102 are FT0230 and FT0130 in the main and wing
tank sections). A set of 64 scenarios are obtained from the 3 sensors each having 4 possible

values, as introduced in Table 8.8.

Scenario FTO0200 FT0300 FT0201

1 WK WK WK
2 WK WK HF
3 WK WK PF
4

WK WK LF

Table 8.8: Nimrod fuel system fuselage section scenarios

If there is no flow into the collecting tank 1 (FT0201) when required then there must be
a failure preventing the transfer of fluid from the feeding tanks. Similarly there could be
too much fluid going into the collecting tank. More sensors can be incorporated into the
analysis - for instance flow meters FT0205 and FT0211 (see Figure 8.10) - which indicate
the fuel flow from the fuselage transfer tanks into the collecting tank. There are 64 different
potential scenarios that can be obtained for FT0201, FT0211 and FT0205 (3 sensors each
having 4 values). Table 8.9 illustrates some of the scenarios for the given sensor readings.
This part of the analysis identifies the area within the section in which the failure has taken

place resulting the deviation.

Scenario FT0201 FT0211 FT0205

1 WK WK WK
2 WK WK HF
3 WK WK PF
4

WK WK LF

Table 8.9: Nimrod fuel system scenarios for inlet into collecting tank 1

The potential scenarios from this part of the analysis will indicate whether a failure has
occurred in the tank 5 section or if there is a problem in tanks 7 right/left (7R/L) or tank
6. If it is indicated that the failure is in either tanks 7 or 6 then scenarios can be developed
for FT0201, FT0211, FT0206/7R. and FT0207L in the same way as illustrated in order to
focus in on the location of the deviation. In this case there will be 256 scenarios obtained
from analysing 4 sensors each with 4 possible values (4* = 256). Some example scenarios

for these sensor readings are shown in Table 8.10.
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Scenario FT0201 FT0211 FT0206/7R FT(0207L

1 WK WK WK WK
2 WK WK WK HF
3 WK WK WK PF
4

WK WK WK 1F

Table 8.10: Example Nimrod fuel system scenarios for sub-section
containing tanks 6, 7R and 7L - 1

More sensors can be located in the system on the individual lines out of each tank in order
to provide a more in depth investigation. For instance, as well as the flow sensor located
on the line from wing feeder Tank 5 there could also be flow sensors located on each of the
lines out of this tank. If a failure is indicated as being within this tank section, analysis
can focus in once again on finding the cause. Figure 8.11 illustrates Tank 5, showing the

locations of the sensors in this sub-section.

Fuselage
Feeder
Tank 5
FT0205 FT0215 FTD225
To Collector
Tank 1

Figure 8.11: Tank 5 in the fuselage section

The sub-section shows that in addition to the flow sensor FT(0205 on the feed line there are
also sensors on the pump lines, labelled FT0215 and FT0225. There are 236 different valid
potential scenarios out of 256 (4*) for this sub-section, as shown in Tables 8.11 to 8.13.
Flow transmitter FT0201 is also included in the analysis as a failure at this point may not
be indicated by the other sensors within the section.

CCNATIo T0201 0205 T0215 0225 Scenario FT0201 FT0205 F10215 FT0225
1 WK WK WK WK 16 WK WK LF LF
2 WK WK WK HF 17 WK HF WK WK
3 WK WK WK PF 18 WK HF WK HF
4 WK WK WK LF 19 WK HF WK PF
[} WK WK HF WK 20 WK HF WK LF
-1 WK WK HF HF 21 WK HF HF WK
T WK WK HF PF 22 WK HF HF HF
8 WK WK HF LF 23 WK HF HF PF
9 WK WK PF WK 24 WK HF HF LF
10 WK WK PF HF 25 WK HF PF WK
11 WK WK PF PR 28 WK HF PF HF
12 WK WK PF LF 27 WK HF LF WK
13 WK WK LF WK 28 WK HF LF HF
14 WK WK LF HF 29 WK PF WK WK
15 WK WK LF PF 30 WK PF WK HF

Table 8.11: Nimrod fuel system tank 5 sub-section scenarios - 1
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cenario 0201 0205 0215 T0225 cenario 0201 FT0205 0215 G226
31 WK PF WK PF 123 PF WK HF WK
32 WK PF WK LF 124 PF WK HF HF
33 WK PF HF WK 125 PF WK HF PF
34 WK PF HF HF 126 PF WK HF LF
35 WK PF HF PF 127 FPF WK PF WK
36 WK FPF HF LF 128 PF WK PF HF
a7 WK PF FF WK 129 PF WK PF PF
as WK PF PF HF 130 PF WK PF LF
39 WK PF PF PF 131 PF WK LF WK
40 WK PF PF LF 132 PF WK LF HF
41 WK PF LF WK 133 PF WK LF FPF
42 WK PF LF HF 134 PF WK LF LF
43 WK PF LF PF 135 PF HF WK WK
44 WK LF WK WK 136 PF HF WK HF
45 WK LF WK HF 137 PF HF WK PF
48 WK LF WK PF 138 PF HF WK LF
47 WK LF WK LF 139 PF HF HF WK
48 WK LF HF WK 140 PF HF HF HF
49 WK LF HF HF 141 PF HF HF PF
50 WK LF HF PF 142 PF HF HF LF
51 WK LF ng LF 143 PF HF PF WK
52 WK LF PF WK 144 PF HF PF HF
63 WK LF PF HF 145 PF HF LF WK
54 WK LF PF PF 146 PF HF LF HF
55 WK LF PF LF 147 PF PF WK WK
56 WK LF LF WK 148 PF PF WK HF
57 WK LF LF HF 149 PF PF WK PF
58 WK LF LF PF 150 PF FF WK LF
59 WK LF LF LF 151 PF PF HF WK
60 HF WK WK WK 152 PF PF HF HF
61 HF WK WK HF 153 FPF PF HF PF
62 HF WK WK PF 154 PF PF HF LF
63 HF WK WK LF 156 PF PF PF WK
64 HF WK HF WK 156 PF PF PF HF
65 HF WK HF HF 157 PF PF PF PF
66 HF WK HF PF 158 PF PF PF LF
67 HF WK HF LF 158 PF PF LF WK
63 HF WK PF WK 160 PF PEF LF HF
69 HF WK PF HF 161 PF PF LF PF
70 HF WK PF PF 162 PF LF WK WK
71 HF WK PF LF 163 PF LF WK HF
72 HF WK LF WK 164 PF LF WK FPF
73 HF WK LF HF 165 PF LF WK LF
74 HF WK LF PF 166 PF LF HF WK
75 HF WK LF LF 167 PF LF HF HF
76 HF HF WK WK 168 PF LF HF PF
7 HF HF WK HF 169 PF LF HF LF
78 HF HF WK PP 170 PF LF PF WK
79 HF RHF WK LF 171 PF LF PF HF
30 HF HF HF WK 172 PF LF PF PF
81 HF HF HF HF 173 PF LF PF LF
82 HF HF HF FPF 174 PF LF LF WK
83 HF HF HF LF 175 PF LF LF HF
84 HF HF PF WK 176 PF LF LF PF
a5 HF HF PF HF 177 PF LF LF LF
86 HF HF LF WK 178 LF WK WK WK
BT HF HF LF HF 179 LF WK WK HF
88 HF PF WK WK 180 LF WK WK PF
89 HF PF WK HF 181 LF WK WK LF
90 HF PF WK PF 182 LF WK HF WK
91 HF PF WK LF 183 LF WK HF HF
92 HF PF HF WK 184 LF WK HF PF
93 HF PF HF HF 185 LF WK HF LF
94 HF PF HF PF 186 LF WK PF WK
95 HF PF HF LF 187 LF WK PF HF
26 HF PF PF WK 188 LF WK PF PF
97 HF PF PF HF 189 LF WK PF LF
98 HF PF PF PF 190 LF WK LF WK
a9 HF PF PF LF 191 LF WK LF HF
100 HF PF LF WK 192 LF WK LF PF
101 HF PF LF HF 193 LF WK LF LF
102 HF PF LF PF 194 LF HF WK WK
103 HF LF WK WK 195 LF HF WK HF
104 HF LF WK HF 196 LF HF WK PF
105 HF LF WK PF 197 LF HF WK LF
106 HF LF WK LF 198 LF HF HF WK
107 HF LF HF WK 199 LF HF HF HF
108 HF LF HF HF 200 LF HF HF PF
109 HF LF HF PF 201 LF HF HF LF
110 HF LF HF LF 202 LF HF PF WK
111 HF LF PF WK 203 LF HF PF HF
112 HF LF PF HF 204 LF HF LF WK
113 HF LF PF PF 205 LF HF LF HF
114 HF LF PF LF 206 LF PF WK WK
115 HF LF LF WK 207 LF PF WK HF
118 HF LF LF HF 208 LF PF WK PF
117 HF LF LF PF 209 LF PF WK LF
118 HF LF LF LF 210 LF PF HF WK
119 PF WK WK WK 211 LF PF HF HF
120 PF WK WK HF 212 LF PF HF PF
121 PF WK WK PF 213 LF PF HF LF
122 PF WK WK LF 214 LF PF PF WK

Table 8.12: Nimrod fuel system tank 5 sub-section scenarios - 2

188



Application to Aircraft Fuel Systems Aircraft Systems

Scenario  FT0201 FT0(205 FT0215 FT{225 SCenario ET0201 FTQ205  FTO0215 FT0225
215 LF FPF PF HF 226 LF LF HF HF
2146 LF PF PF FPF 227 LF LF HF PF
217 LF PF PF LF 228 LF LF HF LF
218 LF PF LF WK 229 LF LF PF WK
219 LF PF LF HF 230 LF LF PF HF
220 LF PF LF PF 231 LF LF PF PF
221 LF L¥ WK WK 232 LF LF PF LF
222 LF LF WK HF 233 LF LF LF WK
223 LF LF WK PF 234 LF LF LF HF
224 LF LF WK LF 235 LF LF LF PF
225 LF LF HF WK 236 LF LF LF LF

Table 8.13: Nimrod fuel system tank 5 sub-section scenarios - 3

There are 20 invalid scenarios, shown in Table 8.14.

Scenario — FT0201 FT(205 FT0215 FT0225 Scenario FTG20L FT0205 FT02i5 FT0225
1 WK HF PF FF 11 FF HF PF FF
2 WK HF PF LF 12 PF HF PF LF
3 WK HF LF PF 13 FF HF LF LF
4 WK HF LF LF 14 PF HF LF WK
5 WK PF LF LF 15 PF PF LF LF
i3 HF HF PF PF 16 LF HF PF PF
T HF HF PF LF 17 LF HF PF LF
8 HF HF LF LF 18 LF HF LF LF
] HF HF LF WK 19 LF HF LF WK
10 HF PF LF LF 20 LF PF LF LF

Table 8.14: Nimrod fuel system tank 5 invalid sub-section scenarios

Scenarios 1 to 4, 6 to 9, 11 to 14 and 16 to 19 cannot occur because high flow cannot occur
at FT0205 if there is only partial or no flow at FT0215 or FT0225. Scenarios 5, 10, 15 and
20 cannot occur because low flow at FT0215 and FT0225 will not result in partial flow at
FT0205.

Patterns

In the same way as for the key variables a set of patterns can be developed from the flow
rate and level measurement history for the sensors in the fuselage section, as shown in

Table 8.15 using the scenarios in Table 8.8.

Scenarios FT0200 FT0300 FTo201 LTO0201
FLOW FLOW FLOW LEVEL
XFERFusclagePhasel 171"12;'. E;'I,G'” M
XFERFusclagePhasc2 171:’128.. 52’1?'22 ] o
XFERFusclogoPhase3 17%’2:', 52'1’8'24 -j —] L:)l: 0:\

1, 4, 18, 16, l
49, 52, 61, 64 oL

XFERFusclageP haged

Table 8.15: Expected sensor patterns for the fuselage section
in the XFER operating mode - 1
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The patterns from the fuselage section will indicate the scenarios which the system could
potentially be in and highlight the area or areas in which a problem has occurred. The
reading at FT0201 into collecting tank 1 can indicate if there is a problem with fuel flow into
this tank from the feeding tanks. Patterns can be developed for the sensor readings FT0201,
FT0211 and FT0205 used to develop the scenarios introduced in Table 8.9. Expected
pattern behaviour is shown in Table 8.16.

Scenarios FT0201 LT0201 FToz211 FT0205 LT0205
FLOW LEVEL FLOW FLOW LEVEL
1,4, 5,8, HL A r HI
XFERFuselageCollectorPhasel 17, 20, 21, 24

XFERFuselageCollectorPhase2 L. 2,5 8, 1 ] A T H
selag 17, 18, 21, 22 | Lot
1, 4,13, 18 HI
XFERFuselageCollectorPhases P
49, 52, 61, 64 Lo Lol t——

1, 4, 13, 16,
X FPERFuselageColtectorPhased - ] J
49, 52, 61, 64 010 Lo

Table 8.16: Expected sensor patterns for the fuselage section
in the XFER operating mode - 2

Deviation from these expected patterns will indicate whether a failure has occurred in tank
5 or from tanks 6, TR or 7L, which are linked to the collecting tank by the same line. A set
of expected patterns for the sub-sections containing tanks 6, "R and 7L along with their
potential scenarios introduced in Table 8.10 are shown in Table 8.17.

Scenarios FTo0201 FTo211 FT0208 LT0208 LT0207TR FT020TL LTO0207L
FLOW FLOW FLOW LEVEL FLOW FLOW LEVEL

1, 2, 5, 6, 17, 18, Hi 4 H1 ] H!
XFER&7LRPhasel| 21, 22, 85, 68, 69, I
70, 81, 82, 85, 86 LOLOY LOLOS

1, 4, 5, 8, 17, 20, [ "
XFERGTLRPhasez 21, 24, 65, 68, 69, J\ [ J
72, B1, 84, 85, 83 LOLOS LOL ' LoLo

1, 4, 13, 16, 17, 20,

XFERS7LRPhase3 29, 32, 65, 68, 77, 1 1
80, 81, B4, 93, 96 1.0 LOLOf——— LOLOF———
1, 4, 13, 16, 49, 52
XFERGTLRPhascd| 61, 64, 193, 196, 205, J
08, 241, 244, 253, 256 LoLe LOLO: 1.0l

Table 8.17: Expected sensor patterns for the fuselage section
in the XFER operating mode - 3

The tank or tanks in the section in which there is a problem in the fuselage can be indicated
from the patterns for FT0201, FT0205, FT0215 and FT0225 (see Table 8.16). A deviation
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at FT0205 will indicate a problem in tank 5 in the system. This can then be investigated
in order to focus in on the possible problem area and determine the possible cause. The

patterns and their potential scenarios are shown in Table 8.18.

Scenarios FT0201 FT02056 LT0205L FT0215 FT0225
FL.OW FLOW LEVEL FLOW FLOW

1, 4, 5, 8, 17, 20, 4
XFERFuselageTank5Phasel 21, 24, 65, 68, 69, qeed T ‘j

72, 81, 84, 85, 88
1, 4, 13, 16, 49, 52,

XFERFuselogeTank5Phase2 | 61, 64, 193, 198, 205, T
208, 241, 244, 253, 256
1,4, 5, 8, 17, 20,
XFERFuselageTank5Phascd 21, 24, 65, 68, 69, Lgﬁﬂ-\ 1
72, 81, 84, 85, B8 :
1,25,8,17 18,
XFERFusclageTankbPhased 21, 22, 65, 68, 69, ] —] LOHT ] ]
70, 81, 82, B85, 86 LoLod
1, 4, 13, 18, 49, 52,
XFERFuselageTank5Phase5 | 61, 64, 65, 68, 77, 80, ] l
118, 116, 125, 128 LOLOF—====
1,4, 13, 16, 49, 52,
XFERFuselageTank5P hasc8 61, 64, 193, 196, 205,
208, 241, 244, 253, 256 LoLOy

Table 8.18: Expected sensor patterns for tank 5 in a fuselage section
in the XFER operating mode

A fault tree can be constructed from for any patterns that deviate from those expected in

a given phase in order to ascertain the most likely causes of failure in the system.

8.2.2.7 Fault Tree Construction

Non-coherent fault trees would be drawn to determine the causality of any deviations
from expected behaviour identified from the sensor readings within the system. A tree is
developed for each reading that exhibits unexpected behaviour and takes into consideration
the operating mode that the system is in along with the potential causes of failure for that
given section of the system, thus restricting the boundary of possible causes to the identified
area. Success trees are also to remove potential causes that conflict with working parts of

the system.

8.3 Discussion

The application of the modelling and preparation stage steps to a real aircraft system

has shown that the method could potentially be utilised on larger systems. In order

191



Application to Aircraft Fuel Systems Summary

to fully conclude this the application stage steps would also need to be applied. In
applying the method to a larger system it has been noted that fuel systems could have
an increased number of and more complex operating modes, which will have to be taken
into consideration in developing the fault trees and within the application stage of the
analysis. It is also important that any assumptions made about the system should be
listed.

The Nimrod is a characteristic example of a fuel system and has shown that an increased
number of fuel tanks will be more complex to analyse compared to the water tank and fuel
rig systems. Investigations into the Nimrod and other fuel systems (Typhoon and Hawk)
has indicated that typically fuel is fed from a series of tanks to a collecting tank or engine
feed line in order to then be transported to the given engine. A fuel system would require
sectioning that enables the possibility of groups of tanks to be analysed rather than the
system as a whole. This can be identified depending how the fluid leads into a collecting
tank, several collecting tanks or an engine feed line. Analysis can then focus on an individual
section and sub-sections within that section rather than the system as a whole, which will

aid fault localisation.

In most cases it would be too complex to consider all sensors in a section at the same time
because of the number of potential scenarios created and the possible patterns for each. A
sensor increases the number of possible scenarios by a multiple of its number of possible
failure modes. Each section would contain key variables, these being namely the level
within a collecting tank and any sensor monitoring flow into an engine. The key variables
enable all sections in the system to be initially analysed as this is enough to indicate a
problem somewhere within the system. Conclusions can then be drawn as to which area
of the system a failure has occurred depending on the findings. The sections identified as
potentially having a problem can then be investigated further. For larger examples sections
can be divided into sub-sections. As before the sub-section or sub-sections in which a failure
has occurred can then be identified and these be investigated further. This allows the fault
to become more and more localised until the area is known and the potential causes of

failure obtained.

8.4 Summary

¢ The modelling and preparation stage steps listed in Section 7.2.1 have been applied
to the Nimrod fuel system. This application has indicated that the method does have
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potential for use on real aircraft fuel systems.

o Within fuel systems fuel is typically fed from a series of tanks to a collecting tank or

engine feed line in order to then be transported to the given engine.

¢ Sectioning is required that enables the possibility of groups of tanks to be analysed
rather than the system as a whole. This can be identified depending on how the fluid

leads into a collecting tank, several collecting tanks or an engine feed line.

e The identification of key variables enables all sections in the system to be initially
analysed as this is enough to indicate a problem somewhere within the system. The
area or areas in which a failure has occurred can then be located and investigated
further.

o Fuel systems could have an increased number of and more complex operating modes,
which will have to be taken into consideration in developing the fault trees and within

the application stage of the analysis.
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Chapter 9

Conclusions and Future Work

9.1 Introduction

The aim of the research was to develop a method that could be potentially used for
diagnosing faults in aircraft fuel systems. The main aspects in the formation of the fault

diagnostic method are described in this chapter.

9.2 Summary and Conclusions

9.2.1 Review of Existing Literature

A number of existing fault diagnostic techniques were reviewed in which the failings of
currently available methods were identified. The development of a model-based approach
was decided upon as it enabled the use of a physical system to determine actual behaviour
and to identify all possible states that it could be in at any point in time. System failures
are not always the result of one single fault, therefore the ability to diagnose multiple faults
is vitally important. The technique employs knowledge of the overall system to find any

deviations and can be easily and efficiently developed from this information.

It was concluded that FTA would be utilised to describe all possible causes of a specified
system state in terms of the components within the system. The causes of the system’s
failure modes could then be described in terms of the component states. It was thought

that multiple failures could be considered using the fault trees and successful component
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behaviour through the use of NOT logic to remove any conflicting causes.

9.2.2 FTA for Fault Detection

A method was developed using FTA to diagnose faults in systems. This initially considered
aspects of system performance observed at steady-state or specified points in time. The
initial work in developing a fault diagnostic method using FTA indicated this technique can
be used to identify multiple faults in a systems fault diagnostic capability, as illustrated
through the water tank level control system example. The use of non-coherent fault trees
to represent the causes of sensor outputs provided more reliable results than those obtained

using coherent fault trees.

The introduction of consistency checks with information provided by all sensors is required
to produce a more accurate list of potential causes of the current system state. Scheme 4
(IT) was found to be the most accurate of the four schemes investigated. The work carried
out on the water tank system indicated a number of issues to be considered when developing
the method. These were the need for a consistency check within the analysis alongside the
issue of scalability and complexity, the possible presence of imperfect or unreliable sensors,
the ability of the method to obtain the exact failure cause, dynamic effects and finally the

possibility of having more than two system phases.

9.2.3 FTA for Fault Detection When C‘onsidering Dynamics

The method was extended to consider system dynamics. This was developed to identify
component failures on the water tank system and takes into account the system dynamics
using a simple pattern recognition technique. In the majority of cases the method was
able to correctly identify the possible potential causes of failure for both the ACTIVE and
DORMANT operating modes and this is reflected in the results. The use of fault trees
that are restricted to the control systems on each stream has reduced the complexity of the
approach and should enable the method to be scaled up on larger systems. The analysis
needed to take into consideration the level of water in the tank as this is the key variable

within the system and provides important dynamic information.
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9.2.4 Expansion to a Larger System

The established method was applied to the BAE Systems fuel rig to investigate the
scalability for use on a larger system. The method has been successfully utilised on the
fuel rig system, for which system redundancy has also been taken into consideration. In
most cases the method has identified the correct potential causes of failure for the given
set of sensor patterns. To determine whether the method would be feasible for use on a
real aircraft system it was concluded that further application of the approach would be

required.

9.2.5 Prospective Expansion to an Aircraft Fuel System

The implications of expanding the method to a full aircraft fuel system were determined.
Typical characteristics of a fuel system were identified and how the method could be
potentially utilised on a larger system was investigated by considering the application to
the Nimrod fuel system. The implications of applying the fault diagnostic method to this
system on the current modelling and preparation stage steps in Section 7.2.1 have been
identified. It was concluded that the method does have potential for use on real aircraft
systems. In order to fully conclude whether the method would be feasible the application
stage steps also need to be applied.

9.3 Future Work

The research within this thesis has highlighted a number of areas in which further
investigation could potentially be carried out. These areas are now discussed in the following

sections.

9.3.1 Binary Decision Diagrams

Fault trees are an effective way of visually representing the failure logic of a system.
However, the larger fault trees within the analysis become the greater the complexity of
obtaining a solution. This is reduced using approximations in the analysis, but in doing so
this leads to a loss of accuracy in the results obtained. An alternative approach would be

to convert the fault trees in the diagnostic method to Binary Decision Diagrams (BBDs),
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developed by Rauzy [83-85), to provide a more efficient way of performing FTA. The method
has the potential to exploit the efficiency of BDDs to manipulate the resulting fault trees
and produce a set of possible symptom causes that are consistent with all the evidence.
This should be investigated as may provide an improvement to the analysis and reduce the

complexity encountered when using fault trees.

9.3.2 Laboratory Demonstration

It is possible to link the approach developed to the fuel rig and give a laboratory based
demonstration of the method. Whilst this work is in preparation for the practical

demonstration it is beyond the scope of the material in this thesis.

9.3.3 Real-Scale System

At present the method has been fully applied to two systems, both of which are relatively
small in comparison to a real aircraft fuel system. Application of the method to an aircraft
system is therefore required to indicate if it is feasible to use it on larger systems. In order
to test the method the example or examples that it is applied to should contain one or

more of the following features:

¢ An increase in the complexity of system sectioning,
¢ An increase in the number of system sensors,

e Different modes of operation considered (other than engine feed (ACTIVE) or engine
shut down (DORMANT)).

The modelling and preparation stage steps for the Nimrod fuel system have already been

conducted and shows that this contains all these additional features.

9.3.4 Sensor Reliability

So far it has been assumed that the sensors that give the system variables in the method
are reliable, Failures in these sensors have been noted to be identifiable when conflicting
readings occur as these are highlighted through the patterns obtained. Further investigation
is required to identify failures in sensors that show the system performing a certain task
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with no conflicting readings, but the system is actually functioning in a different way. For
instance, flow is indicated on an outflow line in a tank when there is no flow at this point,

or if a tank level is constant, but flow is occurring out of it.

9.3.5 Hidden Symptoms

The method is not able to identify any hidden failures of components that have the same
symptoms as when they are working as required. This is a restriction in the analysis that
at present cannot be resolved unless either a change of operating mode is made that alters
the expected system behaviour such that a failure is indicated, or the area of the system
in which a hidden failure is located is used. The method could be extended to produce a
list of hidden failures that could have potentially occurred for the given system status. For
instance, for the water tank system if valve V2 is open as expected then a potential hidden
failure could be V2FQ. These could be potentially identified through the system scenarios
in the method. The scenario indicating the most deviated sensor readings could be used to
identify an outcome that includes the possible hidden failures present within the system.

Alternatively a set of scenarios could be developed from the sensor patterns identified.

9.3.6 Dynamics

The most likely scenario to have caused a deviation is that which contains the least number
of deviated sensor readings. However, without scenarios in the method there would be no
proper structure in the identification of patterns exhibited by the sensor readings. Further
work could involve identifying all possible patterns for each sensor or groups of sensors
within the system and how these would impact on the behaviour. Rather than using all
the possible scenarios in the analysis the one causing the least sensor deviations could
be indicated and used to identify the system status. This could potentially reduce the
complexity of the fault tree produced in the analysis. The method may benefit from having
the ability to distinguish in more detail the patterns with the scenarios, but this may lead

to a more complex set of scenarios as a result of more possible outcomes for each sensor.
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Appendix A

Fault Trees for the Water Tank Level
Control System

A.1 Coherent Fault Trees

A.1.1 Flow Through Valve V1

Flowe Theough
Yalve Vi

Velve V1 g Tonk Leval is
Spuriously Open

Yalve 1 Fails Controker C1
Open keeps Yalve V1
Opeeny

Contraler C1 Signal from S1
Falls Low Incicates & Low

sl inthe Tank

Sensor 51 Fais
Low

Figure A.1: Coherent fault tree for flow through valve V1
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Coherent Fault Trees

Tank Level is
Low
A
I m|
Flow out at Flow out at Tank Ruptured Flow ol Through
Valve ¥2 Valve V3 or Tank Leaks F‘ﬂd“':r:sm Pa
l ]
Valve V2 is Vaivg V3 is
Cpen Sputiously
Open
Tank Rupiured || Tank Leaks Pips P3is Pipe PSis
Fractured Fractured
Valve V2 Fails || Flow Phase || Valve ¥3 Fails Coniroller C2
Open Through Valve Cpen Keeps Yalve V3|
V2 Open

50 (1

Conltroller C2 | [Sional from Sensor
Fails High | [52Wchcates abigh
Level nthe Tank

|

=)

Sensar 52
Fails High

@)

Figure A.2: Coherent fault tree for flow through valve V1 - transfer 1

Number Potential Cause

1) VIFO
2) CIFL
3) SIFL
4) TL
5) TR
6) V2FO

Number Potential Cause
7 P3F
8) V3FO
9) C2FH
10) S2FH
11} PSF

Table A.1: Potential causes of flow through valve V1
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A.1.2 Flow Through Valve V2

Flow Through
Vake V2

Valve V2 is
Open

Valve V2 Fails
Open

Flow Phase
Through Valva
V2

Figure A.3: Coherent fault tree for flow through valve V2

The only possible potential cause of system failure for this sensor reading is V2FO, which

is of first order.

A.1.3 Flow Through Valve V3

Flow Through
valve V3
Velve Vs Tank Level is
Spuriously Open High
Yalve v3 Fais Cortroler C2

Open Keaps Yalve V3

5 7

Cortroker €2 | [S00al from Sensor

Fals High ST Indicates 3 High
Lavil in the Tank

]
Sensor 52 Fails
Hgh

Figure A.4: Coherent fault tree for flow through valve V3
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Coherent Fault Trees

Tank Level is
High

QA

|__ |

Flow in a1 No Flow out at
Yalve V1 Vaka vy
I
Valve V1 g
Spuriously
Open
"‘P'rﬁmﬂ Valve V2 I8
or L of
Pioa 2415 Blooked Closed
Vatve V1 Falls Coniroller C1
Open keeps Valve W1
Open
Pipe P3is Pipe P4 ig Valve ¥2 Falls ||No Flow Phase
Blocked o Biocked Closed Through Yahve
Fracturad V1
Controller €1 || Signal from 81
Falls Low indcates a Low
{évet intho Tenk
1
Sengor §1
Fails Law
Pipe P3is Pipe P35
Blocked Fractured

Figure A.5: Coherent fault tree for flow through valve V3 - transfer 1

Potential Cause

Number Potential Cause Number
1) V3FO 9)
2) CoFH 10)
3) S2FH 11)
4) VIFO.P3B 12)
5) VIFO.P3F 13)
6) VIFQ.P4B 14)
7)  VIFO.V2FC 15)
8) CIFL.P2B

C1FL.P3F
C1FL.P4B
CI1FL.V2FC
S1FL.P3RB
S1FL.P3F
S1FL.P4B
S1FL.V2FC

when the system is ACTIVE

Table A.2: Potential causes of flow through valve V3

Potential Cause

Number Potential Cause Number
1} V3FO 1)
2) (C2FH 5)
3) S2FH 6)

VIFO
CIFL
S1FL

when the system is DORMANT

Table A.3: Potential causes of flow through valve V3
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Coherent. Fault Trees

A.1.4 No Flow Through Valve V1

No Flow
Through Valve
w1

o watar
avallable at
Valve V1

A

Valve ¥l is
Clos2d

)

valve V1 Fails
Closed

Contrglier C1
Keeps valve
W1 Closed

Waler Unable to

Yaive V1

© L

Controlier C1 | [$nal frum Sanser
Fallg High | [5) indicates 2 Hoh

Pipe P1 is

Laval

Brackad or

intha Tank Fractured

Sensor 51
Falls High

FipeP1ls Plpe F1 is
Blocked Fracturad

PipaP2ig
Blocked

Figure A.6: Coherent fault tree for no flow through valve V1

No Flow out a1
Valve v2

Pipe P31s
Blocked or P4
13 Blocked

Valve V2 Is
Closed

Pipe P3is FipaPdis Valve V2 Fails
Blocked Blocked Closed

v

l

No Fiow out 3t
Valtva V2

No Waler From
the Maln
supphy

[No Flow Phase
Through Valve

) @ @

A

Figure A.7: Coherent fault tree for no flow through valve V1 - transfer 1
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Coherent Fault Trees

Number

Potential Cause

1)
2
3)
4)
5)

VIFC
CIFH
S1FH
P1B
P1F

Number Potential Cause
6) P2B
7} NWMS
8) V2FC
9) P3B
10) P4B

Table A.4: Potential causes of no flow through valve V1

A.1.5 Water in the Overspill Tray

Water in the
Ovarspill Tray

()

r

|

Tank Ruptured Tank Levalis
ot Tank Leaks High
Tank Rupfured || Tank Leaks Flowinal No Flow out al | | No Flow out at
Valve V1 Yalve V2 Valve V3

& ©

A A A

Figure A.8: Coherent fault tree for water in the overspill tray

FlowIn al
Valve V1

r@ﬁ

Controller C1
keeps Valve V1
Open

Yale V1 Fails
Open

L

Controller C1 || Signal trom S1
Falls Low Indicates a Low
Level in the Tank
1
Sensor S1
Fails Low

Figure A.9: Coherent fault tree for water in the overspill tray - transfer 1
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Coherent Fault Trees

No Flow out at
Valva V2
[ ; ] 2
Fipe 3 i3 Blocked Valve V213
or Fractued, or Closed
Fios P it brocked
PipePais Pipe P4is || valvev2Z Faile | [No Flow Phase
Blocked of Blocked Closed Through valve
Fracturad V2

@

Plpe Fig PipaP3 s
Blotked Fractured

Figure A.10: Coherent fault tree for water in the overspill tray - transfer 2

No Fiow out at
vaive va
; ] |
FlpaPSis Vaive v3ls
Blacked or Closed
Fracturad, or Pipe
PB ig Blocked,
Pipe P5is Pipe P6 Iz Valve V3 Falls Coniroller €2
Blocked ar Blocked Closed Keeps Valve V3
Fractured Closed
Pipe P51y Pipe F5is Controller C2 || Sign#i fom 52
Blocked Fractured Falls Low Indicates a Low

level in the Tank
T
Sensar 52 Falls
Low

Figure A.11: Coherent fault tree for water in the overspill tray - transfer 3
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Coherent Fault Trees

Number

Potential Cause

1)

2)

3)

1)

5}

6)

7)

8)

)]
10}
11)
12)
13)
14)
15}
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29}
30)
31)
32)
a3)
34)
35)
36)
an

TR,

TL
VIFO.V2FC.V3FC
V1FO.V2FC.C2FL
VI1FQ. V2FC,.52FL
VIFO,V2FC.P5B
V1IFO.V2FC.P5F
V1FO.V2FC.P6B
V1FO.P3B.V3FC
V1FQ.P3B.C2FL
V1FQ.P3B.S82FL
VIFO.P3B.P5B
V1F0Q.P3B.P&F
V1FO.P3B.P6B
V1FO.P4B.VIFC
V1FO.P3F.C2FL
V1FQ, P3F.52FL
V1FO.P3F.P5B
V1FO.P3F.P5F
V1IFO.P3IF.PSB
V1FO.P4B.V3FC
V1FO.P4B.C2FL
VI1FQ.P4B.S2FL
V1FO.P4B.P5B
V1FO.P4B.P5F
V1FO.P4B.P6B
CI1FL.V2FC.V3FC
CI1FL.V2FC.C2FL
C1FL.V2FC.52FL
CIFL.V2FC.P5B
CI1FL,V2FC.P5F
CIFL.V2FC.P6B
CI1FL.P3B.V3FC
C1FL.P3B.CZFL
C1FL.P3B.52FL
CI1FL.P3B.P5B
CI1FL.P3B.P5F

Number Potential Cause
38) C1FL.P3B.FP6B
39) CI1FL.P3F.V3FC
40) C1FL.P3F.C2FL
41) CI1FL.P3F.S2FL
42) CI1FL.P3F.P5B
43) C1FL.P3F.P5F
44) C1FL.P3F.P6B
45) C1FL.P4B.V3FC
46) C1FL.P4B.C2FL
47) CI1FL.P4B.52FL
48) C1FL,.P4B.P5B
49) CI1FL.P4B.P5F
50) C1FL.P4B.P6B
51) S1FL.V2FC.V3FC
52) S1FL.V2FC.C2FL
53) S1FL.V2FC.82FL
54) S1FL.V2FC.PSB
55) S1FL.V2FC.P5F
B6) S1FL.V2FC.F6B
57) S1FL.P3B.V3FC
58) S1FL.P3B.C2FL
59) S1FL.P3B.S2FL
60} 51FL.P3B.P5B
61) S1FL.P3B.PSF
62) S1FL.P3B.P6B
63) S1FL.P3F.V3FC
64) S1FL.P3F.C2FL
65} S1FL.P3F.52FL
66) S1FL.P3F.P5B
67) S1FL.P3F.P5F
68) S1FL.P3F . P6B
69) S1FL.P4B.V3FC
T0) S1FL.P4B.C2FL
71) S1FL.P4B.S2FL
72) S1FL.P4B.P5B
73) S1FL.P4B.PSF
74) S1FL.P4B.P6B

Table A.5: Potential causes of water in the overspill tray when

the system is ACTIVE

Number

Potential Cause

1}
2)
3)
%)
5}
6)
)
B)
9}
10)

TR

TL
V1FQ.V3FC
V1FO.C2FL
V1FQ.52FL
VIFOQ.P5B
V1FO.P5F
V1FQ.P6B
C1FL.V3FC
C1FL.C2FL

Number Potentlal Cause
11}  CIFL.S2FL
12) C1FL.P5B
13) CIFL.P5F
14) CI1FL.P6B
15)  SIFL.V3FC
16) S1FL.C2FL
17}  S1FL.S2FL
18) SIFL.P5B
19}  S1FL.P5F
20} SIFL.PEB

Table A.6: Potential causes of water in the overspill tray when

the system is DORMANT
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Non-Coherent Fault Trees

Fault Trees for the Water Tank Level Conirol System
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Figure A.13: Non-coherent fault tree for flow through valve V1 - transfer 1
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Flow out at
Valve v2

1 |

Tha System is The System is
DORMANT ACTIVE
= |
Valve V2 Falls||No Flow Phase| |NOT Flow Phase Water Iz Flow Phase NUT No Flow Water is
Open Thlouuh Vatve Thfwﬁ Vilve || Awailable at Throuuh Valve Available at
Valva V2 “’“ v Valve V2 i :

\alve VZ Doaz Vater Can Pass Tank NOT
HOT Fail Through Pipas Ruptured
Closad P2 and P4

Pipa F3 is NOT Pipe P4 is
Blocked and HNOT Blodked
NOT Fractured

Plpe P3is Plpe P3 it
NOT Blocked | [NOT Fractured

Figure A.14: Non-coherent fault tree for flow through valve V1 - transfer 2

Number Prime Implicants
1) Y1FO.NWMS.PIB.PIF.P2B.VIFC
2) C1FL.NWMS.FiB.PiF.F28.V1rC.CiFH

3) S1FL.NWMS.F1B PiF.P2B.VIFC.CIFH.S1FH

1) TR. NWMS P1B.FP1F.P2B.V1FC.C1IFH.SIFH.TL
5) TL.NWMS.P1B.F1F.P2B.VIFC.CIFH.SIFH. TR

6) Pa3F.NWMS5.PIB.PIF.P2B.VIFC.CIFH.51FH.P3B.TR

7y PsF.KNWMS.P1B.P1F.F2B.V1FC.CIFH.51FH.PAH.TR
8) V2FO NWMS.F1E.F1F.P2B.VIFC.CIFH.SIFH.V2FC.P3E.F3F.P4B. TR
9) V3FQ. NWMS F1B.F1F.P2B.V1FC.CIFH.S1FH.V3FC.P5B.P5F.F6B.TR

10} C2FH.NWHMS.PI1B.PiF.P2B.VIFC.CIFH.SIFH.V3FC.C2FH. P6B.P6F.F6B. TR,
11) S2FH.NWMS.F1B.P1F.P2B.VIFC.C1FH.51FH.V3FC.C2FH.52FH. P5B.P5F.P6B. TR

Table A.7: Prime implicants for flow through valve V1
when the system is DORMANT
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|

NOT FedLow || Does HOTFaik | INOT Fail Closed
Low
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vl in jh
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Figure A.15: Non-coherent fault tree for flow through valve V1 - transfer 3

Number Prime Implicants

1) NWMS.P1B.FP1F.P2B.VIFC.CIFH.51FH.V2FC.F3BE .P4B

Table A.8: Prime implicants for flow through valve V1
when the system is ACTIVE
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A.2.2 Flow Through Valve V2

[ Fiow Threugh
Ve V2

[T sytamis The Symam &
DORMANT ACTVE
Vatra V2 Falls || No Fiom Phass NOT {lom Wrler e Fiom Phase NOT S Flgay Wb

Open Through Vot | Phase Thieugh]| Avaitabla 8 Tiwough Vive | Phass Thisugh Awsilable W
Vaiva V2 vi Vake V2 Vo V2

OB ® A A S

|

Water
Povallabia in ha
Tank

Figure A.16: Non-coherent fault tree for flow through valve V2

Water ik
|Avsitable in the

A

Tank NOT Watar Can
Ruplured Pass imo the
Syatem

No Faiors st walsr Can Pase, NOT No Water
Vava V1 Througn Piges Frorn 1he Mam
P1andF2 Supply
Vahe V! Does || Conlrgiler C1 [|Saneot S1Dogs) Pips P31 is NOT Pipe P2 is NOT
NOT Fal Dows NOT Fail || NOT Fuil High Blocked and Blocksd
Chsed NOT Fractured

Hig!
ONCES

Pips P1 i NOT
Fracturad

Figure A.17: Non-coherent fault tree for flow through valve V2 - transfer 2

Pipa P1 i1s NOT
Blockad
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If the system is ACTIVE then flow through valve V2 is expected and so does not result in

failure. The prime implicant obtained for this operating mode is:

V2FC.P3B.P3F.P4B.TR.VIFC.C1FH.S1FH.P1B.P1F.P2B.NWMS,

This is of order 12 and contains only the components and states that are known NOT to
have failed. The prime implicant failure obtained for this sensor reading when the system
is DORMANT is:

V2FQ.V2FC.P3B.P3F.P4B.TR.VIFC.CIFH.S1FH.P1B.P1F.P2B.NWMS,

and is of order 13. After performing the coherent approximation the result obtained for
‘low through valve V2’ is ‘V2F(Q’, which is the same as that obtained by the coherent fault

tree for this reading in Section A.1.2.

A.2.3 Flow Through Valve V3

Flow Thiough
Vitvs W

A

Vilvava i
Cpan

[Wale: Can Pass Tank HOT Valva V3 i Tank Laval &
Thigugh Pipes Rupturad Spunously High
PS5 and P8 Cpen

Pipa P8 is NOT Pipa P8 g NOT Valve 3 Fali Caontrollas €2
Blodad end Blockad (Open and NOT eps Valve V3
NOT Fractuied Clozsed Opan
,L:l‘ Q
Fipe PE s KOT | [Fips P& s HOT Vatve V3 Falls | [Vaslva v3 Dosr Contraller C2 Sensor 31
Blodkad Fracturad Open NOT Fail Fails High Indicates 2 High
Clossd Lavel s the Tank

OXC

Confrollai C2 || Contraller C2 || Valva V2 Doar | [Sandst 52 Fail P.-.u.szbm Conbollar £2 |l Vaive V2 Doar
Fails High Coes NOT Fail HOY Fail High NOT Faul Low []Dowes NOT Fail HOT Fail

Chsad Clesed

PEOOE® ®

Figure A.18: Non-coherent fault tree for flow through valve V3
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Non-Coherent Fault Trees

Tark Lewsl is
High

-\

]

@ @

()

—

Vatva V3 Dans Flow In a1 NOT No\vater Ho Flow out ai
HOT Fail Valg V1 fromm: the Mains Vatve V2
Cloged Suppty
Vatva V3 Dows |[ Contieliar €2 | f5anser 62 Doug] [water Can Pass Vahee Vi is
NOT Fail Daes Nnr Fall || NOT Fail Low Through Pipas Bpuiously
Cload PN FE Qpan

[Plpe P1isHOT [Pipa P2 bHOT Valve Vi Fails Controllar €1
Blockad snd Bladd [Dpen and HOT Kaaps Valve V1
NOT Fracturad Closed Opan
Pipa P1 b NOT| Pipa P4 &5 HOT Valve Vi Falk | [ Valve V1 Doss Coniraller C1 Wﬂ |IDI|'\ 51
Blocked Feacturad epin NOT Fail Falls Low
Closad Lawal nlln 'Il'il
Controlter 1 { ] Contrailar C1 L{ vahva vi D 8 51 Fails)|Santa1 6 1Does || Contioliar C1 |1 Valva \n Doas
FaaLow |[oosanotsan|l notran HOT Fail High || Does NOT Fal NOT Fail
High Closed High Closad

CRCRCNONONC

Figure A.19: Non-coherent fault tree for flow through valve V3 - transfer 1

Ho Flow
out ol Vahe
vz

o

The System is The System i
DORMANT ACTVE
No Flow Phase || NOT Flow ||'vabm 2 Does || Flow Phess NOT No Flow Waler Cariact |
Through Vat | |[Phess Through || NOT Fail Open || Through Yalve || Phase Through Pass Through
2 Vi V2 w2 Vahe V2 Pipes P2 or PL

) [

@ & &

Vahy V2 Fals Faikee
Clondd and Pipa P23
NOT Cpan of Fips P4
Vale V2 Fails |[Vana ¥2 Doas
Closng NOT Fail Opan.

CRC)

Figure A.20: Non-coherent fault tree for flow through valve V3 - transfer 2
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Failure in
Pipa P3
or Pipe P4
3
Pipe F3 is Pipe P4 ig
Blocked or Elocked and
Fractured NOT Fractured
Pipe Pl is Pips P3 is Pipa P4is ||Pipe P4is NOT
Blocked and Fraciured and Blockad Fractured
NOT Fraciured NOT Blockad

PiB

Pipe P3is |\Pipe P31 NOT|) Pipe P3is |iPipe P3is NOT|
Blockad Fractured Fractured Blacked

Figure A.21: Non-coherent fault tree for flow through valve V3 - transfer 3

Number Prime Implicants

1) V3FOQ.P5B.F5F.P6B.TR.V3FC

2) C2FH.P5B.F5F.P6B.TR.V3FC.C2FL

3) S2FH.P5B.P5F.P6B.TR.V3FC.C2FL.S2FL

4) VI1FO.P3B.P5B.P5F.P6B. TR.V3FC.C2FL.52FL.P1B.F1F.P2B.NWMS.VIFC.P3F

5) VI1FO.P3F.P5B.P5F.P6B.TR.V3FC.C2FL.52FL.P1B.P1F.P2B.NWMS.VIFC.P3B

6) VIFO.P4B.P5B.F5F.P6B. TR.V3FC.C2FL.52FL.P1B.P1F.P2B.NWMS.VIiFC.F4F

7) V1FO.V2FC.P5B.P5F.P6B TR.V3FC.C2FL.52FL.PI1B.P1F.P2E.NWMS.VIFC.V2FO

8) CIFL.P3B.F5B.F5F.P6B.TR.V3FC.C2FL.82FL. P1B.PIF.P2B.NWMS.VIFC.CIFH.P3F

9) CIFL.P3F.PEB.P5F.P6B. TR.V3FC.C2FL.52FL. P1B.P1F.P2B.NWMS.VIFC.CIFH.P3B
10) C1FL.P4B.P8B.P5F.P6B. TR.V3FC.C2FL.52FL.PF1B.P1F.F2B.NWMS.VIFC.C1FH.F4F
11) CIFL.V2FC.P5B.F5F.P6B.TR.V3FC.C2FL 52FLL.P1B F1F.F2B.NWMS.VIFC.CIFH.V2FO
12) SIFL.P3B.P5B.P5F.P6B.TR.V3FC.C2FL.S2FL.P1B.PIF.P2B.NWMS.VIFC.CIFH.S1FH.P3F
13) SIFL.P3F.P5B.P5F.P6B.TR.V3FC.C2FL.S2FL.P1B.PIF.PZB.NWME.VIFC.C1FH.31FH.P3B
14) S1FL.P4B.P5B.F5F.P6B.TR.V3FC.C2FL.52FL.P1B.F1F.F2B.NWMS.VIFC.C1FH.S1FH.F4F
15) SIFL.V2FC.P5B.P5F.P6B.TR.V3FC.C2FL.S2FL. PI1B.F1F.F2B.NWMS.VIFC.C1FH.51FH. V2FO

Table A.9: Prime implicants for flow through valve V3
when the system is ACTIVE
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Number Prime Implicants
1) V3FO.P5B.P5F.P6B.TR.V3FC
2) C2FH.P5B.PSF.P6B.TR.V3FC.C2FL

3) S2FH.P5B.P5F.P6B. TR.V3FC.C2FL.S2FL
4) VIFQ.P5B.P5F.P6B.TR.V3FC.C2FL.52FL.P1B.PiF.P2B.NWMS.VIFC

5) CI1FL.P5B.P5F.P6B.TR.V3FC.C2FL.52FL P1B.PiF.P2B.NWMS.ViFC.CiFH

6) S1FL.P53B.P5F.P6B. TR.V3FC.C2FL.52FL.P1B.P1F. P2B.NWMS.VIFC.C1FH.S1FH

Table A.10: Prime implicants for flow through valve V3
when the system is DORMANT

A.2.4 No Flow Through Valve V1

Through Valve
v

1
Ho Fiow out &
Valva V2

Pt

Failure 10 Open
Salve VI Pas3 Through
Vaive VI

>
D

Falure In Fo® Ho Water from
PlorP2 five Mo Supply

10
@

] !

Pipa P1 15 Figa P2 is
Brocked or Blocked and
Fraotured NOT Fractured
P Pl is Fips P1is Poe P2is || Pips P2 s NOT
Blooked and Fractured and Blooked Fractursd
NOT Fractured NOT Plocked

Fipe Pl is Fipa P1is NOT Pipe P11z Fipe P1is NOT
Fractured Biocked

Brocked Fractured

Figure A.22: Non-Coherent fault tree for no flow through valve V1
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Fashae 1o Open
Va1

g

Wake V1 Fails Conliolier 1
Closed and Keeps Vahe V1
NOT Cpen Closed
Valve VI Fauts || Valve ¥1 Does Controller C?
Closed NOT Fail Open Fails High

Cantroiior C1 | [Vaive Vi Does |
Dows NGT Fidl || MOT Fad Gpen

Controder C1
Fals High

Gontroller C
Does NOT Fal
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Figure A.23: Non-Coherent fault tree for no flow through valve V1 - transfer 1
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Figure A.24: Non-Coherent fault tree for no flow through valve V1 - transfer 2
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Non-Coherent Fault Trees

Number

Prime Implicants

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)

NWMS

V1FC.VIFO

P1B.PiF

P1F.PIB

P2B.P2F
C1FH.VIFO.CIFL
S1FH.VIFO.CIFL.S1FL
V2FC.V2FO

P3B.P3F

P4B.P4F

Table A.11: Prime implicants for no flow through valve V1

A.2.,5 Water in the Overspill Tray

Water in the
Cverspill Tray
Tank Ruptured Tank level is
OR Leaks High
Tank Ruptured Tankis Leaking Tank isNOT Flowinat No Flow No Flow
and NOT and NOT Ruptured Valve V1 outat Valve out et Valve
Leaking Ruptured V2 V3
Tank Ruptured Tankis NOT Tank Leaks TankisNOT
Leaking Ruptured

ONCNC,

Figure A.25: Non-Coherent fault tree for water in the overspill tray
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Fault Trees for the Water Tank Level Control System

Non-Coherent Fault Trees

No Fiew
out at Valve
v2

A

The System i The System is
DORMANT ACTIVE
No Flow Phase || MNOT Flow Valve V2 Does || Flow Prase NOT No Flow ‘Water Cannot
Through Valve ||Phase Thraugh || NOT Fait Open || Through Yalve ||Phase Through Pasg Through
Valva V2 V2 Valve v2 Pipes P3 or P4

V2

HOBEe [

Valve VZ Fails Failure in
Closed and Pipe P3
NOT Open or Pips P4

LA

Valva V2 Failg
Closed

vahe V2 Does
NOT Fail Open

&)

Figure A.27: Non-Coherent fault tree for water in the overspill tray - transfer 2
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"
Pipe P3is |jPipe P3 iz NOT(]| Fipe P3is ||Pipe P3is NOT
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Figure A.28: Non-Coherent fault tree for water in the overspill tray - transfer 4
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Non-Coherent Fault Trees

No Fiow gut at
Valve V3

Failure to Open
Yaive V3

(-

Valve V3 Fails
Closed and
NOT Qpen

Controller C2
Keeps Vave V3
Closed

A

_ 1

Water Cannct
Pass Through
Pipes PS and P&

/A

valve Vi Fails [{Vatve v3 Does Condraller €2
Closed NOT Fall Open Falls Low

¢

]
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Sansor 62
indlcates @ Low
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Valva v3 Does Sensor Sz
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Sensor 82

High

Controller G2 || Valve V3 Does
Does NOT Fail | | NOT Fall Open
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Figure A.29: Non-Coherent fault tree for water in the overspill tray - transfer 3

Wyater Cannot
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Figure A.30: Non-Coherent fault tree for water in the overspill tray - transfer 5
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Fault Trees for the Water Tank Level Conirol System Non-Coherent Fault Trees

Number

Prime Implicants

1)

2)

3)

4)

5)

6)

7)

8)

9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)
36)
41)
37)
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)
48)
49)
50)

TR.TL
TL.TR
VIFQ.V2FC.P5B. TR.VIFC.VZFO.P5F

V1FO.V2ZFC.P5F. TR.P1B.PIF.P2B.NWMS.V1FC.V2FOQ.P5B
VIFO.V2FC . P6B TR.P1B.PIF.P2B NWMS.V1FC.V2ZFO.F6F

V1FO.V2FC.V3FC.TR.P1B PIF.P2B.NWMS.VIFC.V2FO.V3FO
V1FQ.V2FC.C2FL.TR.P1B.P1F.P2B.NWMS.VIFC.V2FO.V3FO.C2FH

V1FO.P3B.P6B.TR.P1B.P1F.P2B.NWMS.VIFC.P3F.P6F
V1FQ.P3B.V3FC. TR.P1B.PIF.P2B.NWMS.V1FC.P3F.V3FO

V1FO.P4B.P6B.TR.P1B.PiF.P2B.NWMS.V1FC.P4F.P6F
VIFO.P4B.V3FC.TR.FIB.PIF.P2B.NWMB.V1FC.P4F.V3FO

C1FL.V2FC.P6B.TR.P1B P1IF.P2B.NWMS.VIiFC.C1FH.V2ZFQ.PF
C1FL.V2FC.V3FC.TR.P1B.PIF.P2B.NWMS.VIFC.V2FO.V3FO
C1FL.V2FC.C2FL.TR.P1B.P1F.P2B.NWMS.VIFC.C1FH.V2FC.V3FO.C2FH
CI1FL.V2FC.S2FL.TR.P1B PiF.F2B.NWMS.VIFC.CIFH.V2FO.V3FQ.C2FH.S2FH
CIFL.P3B.P5B.TR.P1B.FIF.P2B.NWMS.V1FC.CIFH.P3F.P5F

C1FL.P2B.P5F. TR.P1B.P1F.P2ZB.NWMS.VIFC.C1FH.P3F.P5B

CI1FL.P3B.P6B.TR.F1B.FiF.P2B.NWMS.VIFC.C1IFH.P3F.P6F

CIFL.P4B.P5B.TR.PIB.PIF.P2B.NWMS.VIFC.C1FA.PAF.P5F
CIFL.P4B.P5F. TR.P1B.PIF.F2B.NWMG3.VIFC.C1FH. P4F.P5B
CI1FL.P4B.P6B.TR.P1B.P1F.P2B.NWMS&.VIFC.C1FH.P4F.P6F

C1FL.P4B.C2FL TR.P1B.PIF.P2E.NWMS.VIFC.CIFH.P4F.V3FO.C2FH
CIFL.P4B.S2FL.TR.P1B PIF.P2B.NWMS.VIiFC.CIFH.P4F.V3FO.C2FH.S2FH

Table A.12: Prime implicants for water in the overspill tray when

the system is ACTIVE - Table 1
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Fault Trees for the Water Tank Level Confrol System Non-Coherent Fault Trees

Number Prime Implicants
51) SI1FL.V2FC.P5B.TR.PiB.FIF.P2B.NWMS.VIFC.CIFH.51FH.V2FQ.P51
52) SI1FL.V2FC.P5F.TR.P1B.PIiF.P2B.NWMS.ViFC.C1FHLSIFH.V2FG. FEB
53) SIFL.V2FC.P6B.TR.P1B.PIF.P2B.NWMS.VIFC.CIFH.S1FH.V2FO.P6F
54) S1FL.V2FC.V3FC.TR.P1B.PiF.P2B.NWMS.VIFC.C1FH.S1FH.V2FO.V3FO
55) S1FL.V2FC.C2FL.TR.P1B.P1F.P2B.NWMS.VIFC.C1FA.S1FA.V2FO.V3FO.C2FH
56) SIFL.V2FC.S2FL.TR.F1B.P1F.P2B.NWMS.VIFC.CI1FH.81FH.V2FO.V3FO.C2FH.55FH
57) S1FL.P3B.P5B. TR PIB.FiF.F2B.NWMS.VIFC.Ci1FH.P3F.P5F
58) S1FL.P3B.PSF.TR.PIB.P1F.P2B.NWMS.VIFC.CIFH.51FH.P3F.P5B
59) S1FL.P3B.P6B.TR.PIB.FPiF.P2B.NWMS.VIFC.C1FH.51FH.P3F.P6F
60) SI1FL.P3B.V3FC.TR.P1B.PIF.P2B.NWMS.V1FC.CIFH.S1FH.P3F.V3FO
61) S1FL.P3B.C2FL.TR.P1B.PiF.P2B.NWMS.VIFC.CiFH.51FH.P3F.V3FO.C2FH
62) SIFL.P3B.S2FL.TR.P1B.PIF.P2B.NWMS.VIFC.C1FH.51FH.P3F.V3FO.C3FH.52FH
63) SIFL.P3F.P5B.TR.FIB.PIF.P2B.NWMS.VIFC.CI1FH.51FH.P3B.P6F
64) SIFL.P3F.P5F.TR.F1B.PIF.P2B.NWMS.V1IFrC.CirH.51F1.P3B.F5B
65) S1FL.P3B.P6B.TR.PIB.P1F.F2B.NWHMS.ViFC.CIFH.51FA.51FH.P3F.F6F
66) SIFL.P3F.V3FC.TR.P1B.PIF.F2B.NWMS.VIFC.CIFH.SIFH.P3B.¥3F0
67) SIFL.P3F.C2FL.TR.P1B.FiF.P2B.NWMS.VIFC.CIFH.S1FH.P3B.V3FO.C2FH
68) SIFL.P3F.S2FL.TR.P1B.PIF.P2B.NWMS.VIFC.CiFH.51FH.P3B.V3FO.C2FH.52FH
69) S1FL.P4B.P5B.TR.P1B.P1F.P2B.NWMS.VIFC.C1IFH.51FH.P4F P5F
70) S1FL.P4B.PSF.TR.P1B.P1F.P2B.NWMS.VIFC.C1FH.S1FH.P4F.P5B
71) SIFL.P4B.P6B.TR.P1B.PIF.P2B.NWMS.VIFC.CI1FH.S1FH.P4F.P6F
72) S1FL.P4B.V3FC.TR.P1B.P1F.P2B.NWMS.VIFC.C1FH.S1FH.PAF.V3FO
73) SIFL.P4R.C2FL.TR.P1B.P1F.P2B.NWMS VIFC.CIFH.51FH.P4F.V3r0.C2FH
74) S1FL.P4B.S2FL.TR.P1B.PiF.P2B.NWMS.VIFC.C1FH.51FH. P4F.V3F0O.C2FH.52FH

Table A.13: Prime implicants for water in the overspill tray when

the system is ACTIVE - Table 2

Number Prime Implicants

1) TRTL

2) TLTR

3) VIFO.P5B.TL.TR.P1B.F1F.F2B.NWM3.F3F.F5F. ViIFC

4)  VIFO.PSF.TL.TH.PIB.PIF.F2B.NWMS.FaF.F5B.VIFC

5) VIFO.P6B.TL.TR.F1B.FIF.P2B.NWMS.F3F.VIFC.P6F

6) VIFO.V3FG.TL.TR.F1B.FIF.P2B.NWMS.P3F.VIFC.V3FG

7)  VIFQ.C2FL.TL.TR.F1B.FIF.P2B.NWMS.P3F.VIFC.V3FO.C2FH

8) VIFO.82FL.TLTR.F1B.P1F.PzE.NWMS.F3F.VIFC. V3FO.C2FH.52FH
9) CIFL.P5B.TL.TR.F1B.PIF.P2B.NWMS.P3F.F5F.VIFG.C1IFH

10) C1FL.P5F. TL.TR.FIB.FPIF.P2BE.NWMS.F3F.F5B.V1FC.CiFH

11) CIFL.P6B.TL TH.FiB.P1F.FP2E.NWMS.F3F.VIFC.C1FH.F6F
12) CIFL.V3FC.TL.TR.F1B.P1F.F2B.NWMS.F3F.VIFC.CiFH.V3FO

13) CIPL.C2FL.TL.TR.P3F.VIFC.P1B.P1F.F2B.NWMS.C1FH. VaF0.C2FH

14) CIFL.S2FL.TLTR.P1B.PIF F2B. NWMS.P3F.VIFC. C1FH. VaF0O.O2FH.52FH
15) S1IFL.P5B.TL.TR.P1B.FIF.P2B.NWM3.P3F.PSF.VIFC.CIFH.51FH

16)  SIFL.PSF.TL.TR.PIB.PIF.F2B.NWMS.F3F.F5B.VIFC.CIFH.S1FH

17)  51FL.P6B.TL.TR.FIB.P1F.P2B.NWM3.P3F.VIFC.CIFH.51FH.FeF

18) S1FL.V3FC.TL.TR.P1B.F1F.F2B.NWMS.P3F.VIFC.CIFH.31FH. V3FO

19) SIFL.C2FL.TL.TR.P1B.FIF.F2B.NWMS.P3F.VIFC.CIFH. 51F . V3FQ.C2FH

20) SIFL.S2FL.TL. TR.F1B.PiF.F2B.NWMS.P3F.VIFC.CIFA.§1FH. V3F0.CZF H.52FH

Table A.14: Prime implicants for water in the overspill tray when

the system is DORMANT
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Appendix B

Simulation Description

B.1 Introduction

The program is started from a command prompt requiring five parameters, each of which
specify the name of a file, There are two input files containing changes to the default system
configuration of the program and the fault trees to be used in the analysis. The remaining
three are output files describing how the system is configured, data from the simulation run

and fault information for each of the four schemes.

B.2 Input Files

To control how the simulation operates a system description file can be created. This defines
values of the simulation’s system variables and any component state changes. If no changes
are made to the system setup by the user the default values within the program will be

used.

B.2.1 System Description File

The system description file is a text file containing comma-separated values. It allows the
simulation to be configured to function in a specific way as required by the user. Each
line in the file will perform one of three possible actions; set a system variable, change a

component state or generate a random failure.
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B.2.1.1 System Variables

The simulation variables allow the duration of the simulation and the frequency of the
check and print steps to be altered. Each change to the value of a variable in the system
description file is defined with the text ‘VARIABLE’ followed by the name of the variable

to set and its new value:

‘VARIABLE' ¢ < varieble’s name > ¢’ < number >.

The five simulation variables are listed in Table B.1. The variables ‘TIMEINC’,
‘TIMESTART’ and ‘TIMEEND’ allow the time increment, start time and end time of
the simulation to be specified respectively. The time increment, ‘dt’, is the duration of a
single time step between subsequent calculation intervals. Note the simulation does not
work in real-time, the time variables only affect the calculation and do not control the

simulation’s elapsed time.

Variable Name Description

TIMEINC Time increment

TIMEEND End time

TIMESTART Start time

CHECKSTEP  Time steps between fault checks
PRINTSTEP Time steps between system prints

Table B.1: Simulation Variables

The PRINTSTEP variable controls how often the states of the components and the values
from the sensors are printed to the data file. A PRINTSTEP of ‘1’ would force the
components states and sensor measurements to be output to the data file at every time
step. The CHECKSTEP variable controls how often a comparison is made between the
sensor readings for actual and expected system behaviour. It specifies the number of time

increments between checks for failures.

B.2.1.2 Induced Component State Change

A component state change is used to set the state of a component at a specific point in

time. Each state change is defined in the system description file with a line of the form:

< component name > *,' ‘STATE’ ¢’ < new component state > | time |.

The component to change is identified along with the action and the new state. The time
of the change can be optionally defined, but will default to ¢ = 0.00 if not specified. A list
of valid component names and states are shown in Table B.2.
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Component Code Component Component Code Component
State State
VALVEiQ OPEN SENSOR: LOW
(1<i<3) CLOSED t<i<2) FAILEDLOW
FAILEDOPEN HIGH
FAILEDCLOSED FAILEDHIGH
CONTROLLER: LOW PIPE: NORMAL
(1<i<2) FAILEDLOW (1<1<8) BLOCKED
HIGH FRACTURED
FAILEDHIGH MAINSUPPLY WATER
TANK NORMAL MAINSUPPLY NOWATER
TANK LEAKING PHASE ACTIVE
TANK RUPTURED PHASE DORMANT

Table B.2: State induced changes
B.2.1.3 Random Component Failure

The ‘random component failure’ feature is used to produce a fixed number of randomly
generated component failures at a specified time. Such failures are specified in the system

description file with a line of the form:

‘RANDOM’ *,) < number > *,’ [ time |.

The line contains the keyword ‘RANDOM?’, followed by the number of failures to create
and an optional time at which they should occur (this defaults to 0.00 if not specified).

All components have the same likelthood of failure. Each component selected to be failed is
chosen by generating a random number. For all components except the main supply (which
only has one possible cause of failure) a second random number is generated to determine

the component’s failed state.

The random numbers used in the water tank program are generated by the ‘rand’ function.
This is a pseudo random number generator. The sequence of numbers returned is
determined by a seed. To try to ensure that each run is different the seed is initialised
using the time in seconds from the ‘time’ function. This gives the number of seconds that
have elapsed in a universal time coordinate (since January 1st 1970). Running the program
with the same seed and same set of ‘RANDOM’ commands in the description file would

produce the same result as previous runs.
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B.2.1.4 UnavailabilityFailure

The ‘unavailability failure’ feature enables a failure to occur based on the unavailability of
the components in the system. Each component has both a failure and repair rate that is
used to calculate its unavailability, ¢.. Over time as a component is used the likelthood of
being unavailable will gradually increase, therefore this is re-calculated at each time step.

The format of the input line for the unavailability failure is:

‘RANDPROPB’ ‘) < number >,

where the keyword is ‘RANDPROB’ and <number> is the number of time steps between

the generation of failures.

Failures in the system are simulated by generating a random number for each component
between 0 and 1. If the number produced for a component indicates unavailability then it
has failed.

B.2.2 Fault Tree Branch File

The fault tree branch file contains the definitions of the branches of the fault trees. Storing
the branches in a file allows them to be changed without re-building the water tank system,
provided there are no extra component or state names that have not been defined in the

program. Each line of the file is formatted to define a named branch of a fault tree:

< FAULT TREE NAME > = < FAULT TREE EXPRESSION >,

where a fault tree expression is a formatted string that defines a fault tree using the three
logical operators: ‘AND’, ‘OR’ and ‘NOT”, together with the terminal component name and
state strings, for instance ‘VIFQ’. A fault tree expression can be written in the following

ways:

< FAULT TREE EXPRESSION > = (< WATERTANK COMPONENT STATE >),
|  AND{(< number >, < FAULT TREE EXPRESSION" >),
| OR(< number >, < FAULT TREE EXPRESSION* >),
| NOT(< FAULT TREE EXPRESSION™ >),

where ‘*’ indicates that there can be more than one fault tree expression. An example of a
simple fault tree described in this way is: FTV2 = OR(2, NFPV2, V2FQ), which is shown
in Appendix A, Figure A.3.
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B.3 Output Files

The output files are used to redirect the standard output into files that can be analysed

after the simulation run has completed.

B.3.1 Configuration File

The configuration file is divided into three sections. The first section contains details of the

initial state or value of all the components and variables in the water tank system before

any re-configuration takes place, as shown in the example in Figure B.1.

Water Tank Simulation - System Configuration

Systen Phase

Controller(l) : State = High |Component. | state | Fatlure Rate | Repair Rate
Controllex(2} + State = High ]
Main Supply : State = Water |Contrellerl | FailedLow 0.0000074000 | 0.0OX0000000

Over 8pill Tray
Pipe(1)

: State = Dermant

: State = Empty
1 Stata = Normal

Fajlure Rate and Repair Rata Values

—_———— - 4

|
|Contrallerl | FalledHigh | 0.0060074000 | 0.GCG00000000
l..s [, [ |

Pipe(2) : Stata = Hormal

Pipe(3) : State = Normal State Changes Induced at end of stated time point

Pipa(4) : State = Normal

Pipe(5) : State = Normal

Pipa(6) : State = Normal State Change : Phase, tixq = 0,000000, state = Active, s+« COMMAND INDUCED ==
Sensor{i) 1 State = High State Change : Pipe3d, time = 400.000000, state = Blocked, sss COMMAND INDUCED #+#
Sensor(2) : State = High

Tank ¢+ State = Normal

Valva(l) : State = Closed

Valve(2) : State = Closed

VYalve(3) : State = Closed

System Variables : Timalnc = 0.250000,
TimeStart = 0.000000,
TimeEnd = 1000.000000,
CheckStep = 1800,
PrintStep = 40,
RandPStep = O

Figure B.1: Example system configuration file

The second part consists of a table of initial failure and repair rates for each of the
component’s failure states. The final section of the file contains a record of each component
state change that occurs during the simulation. It records the time the change occurred at
and whether the change was induced explicitly by the user or randomly created using one

of the three operations, as listed in Table B.3.

State Change Tag
#** COMMAND INDUCED ***

Reason for State Change

Caused by the user issuing a state command in the system description
file

** COMMAND RANDOM *** Caused by the user issuing the ‘RANDOM' Command

=¥ UNAVAILABILITY FAILURE ***¥ Random failure dependent upon the component failure rates. System
variable ‘RANDPROB’ is set to greater than zero in the system

description file.

Table B.3: State change tags
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Note that the simulation applies state changes for a given time at the end of the time
interval after the calculation, checking and reporting steps have taken place. Therefore
any changes will be apparent at the time increment following the time at which they were

applied.

B.3.2 Data File

The data file records the values of flow rates and component states at specified time
steps. Each line contains output for a particular time step. The number of time intervals
between output lines is controlled using the ‘PRINTSTEP’ variable. At each iteration of
a PRINTSTEP time interval a snapshot of the states of the components in the system
together with specific measured values are output to the data file. It is formatted as a
comma separated value file that can be tabulated using a spreadsheet. The first row of the
file contains the names of components and variables. The file has 28 columns in total, a

description of their contents is given in Table B.4.

Column Heading Description

Time - Simulation time point

Water Level - The height of water in the tank

Volume - The volume of water in the tank

VFi (1<i<3) - The volume flow rate at sensor VFi7

SP1 - Detects the amount of water coming out of the tank and landing in the tray
TVF2 Volume flow rate in pipe P4

TVEF3 Volume flow rate in pipe P5

DHDT Rate of change of height

DHDTIND Rate of change of height indication

WIND Water level indication

PHASE The current phase the system 1s in - ‘ACTIVE’ or ‘DORMANT"
Ci(l<ig?) The status of controller Ci - ‘high’, ‘low’, ‘failed high’ or ‘failed low’

MS The status of water coming from the main supply - ‘water’ or ‘no water’
Pi(l1<i<B) The status of pipe Pi - ‘normal’, ‘blocked’ or ‘fractured’

Si(l<i<2) The status of sensor Si - *high’, ‘low’, ‘failed high’ or ‘failed low’

TK The status of the tank - ‘normal’; ‘ruptured’ or ‘leaking’.

Vi(l€i<3) The status of valve Vi - “open’, ‘closed’, ‘failed open’ or ‘failed closed’

Table B.4; Column headings and description

B.3.3 Fault File

The fault file is a text file containing the results from the fault diagnostic method for each of

the four schemes. The simulation is checked for deviations at intervals defined by the system
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variable ‘CHECKSTEP’. At each check interval the fault tree, sensor readings, minimal cut
sets (scheme 1) or prime implicants (schemes 2, 3 and 4), importance measures and the
most likely cause of failure are recorded in the file for each of the four fault tree schemes.

An example fault file for scheme 1 is shown in Figure B.2.

Fault Tres Comparsion at Time = 100.000000

Fault Trea for Scheme 1:

Le Tl o TR T L bR o2l

OR * Minimised cut sets *
I R 2 e o o R R
1-0%
[ Contents of cut mat MC1 ;
| 1-8ensor2(FailedHigh) Sensor2(FailsdHigh}
[
| 2-Gontroller2(FailedHigh) Contents of cut set MC2 :
| Valve3(FailedDpen}
2-Valve3{FailedDpen}
Contents of cut met MC3 :
Sensor Readings: Gontroller2(FailedHigh)
SRR AR AR RN
VF1 = 0.001661 * Importance Measures *
YF2 = 0.000000 EITEEANRERSREREI RS RS RAL
VF3 = 0.001187
SP1 = Empty sxk Most likely cause(s) of failure occur at cut =et(s) :

HC3

Figure B.2: Example ‘fault file’ output for scheme 1
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Appendix C

Fault Tree and Success Tree

Construction

C.1 Fault Tree Construction

C.1.1

High Flow in Section 1 (V1)

HFV1 = NWMS.P1B.P1F.P2B.(VIFO.VIFC + C1FL. ClFH.VlFC

Number Prime Implicants

1) VIFO.NWMS.PIB.FIF.F2B.ViFC

2) CIFL.NWMS.P1B.PIF.F2B.V1FC.CIFH
3) SIFENWMS FIBPIF.P2B.VIFC.C1FH.S1FL.SIFH.81FVH.51FF

4) SIFL.NWMS.P1E.P1F.P2E.VIFC.C1FI.S1FE.SIFIL.SIFVIA.SIFF

Table C.1: Prime implicants for high flow in section 1 (V1)

Number Potential Causes of Failure

1) VIFO
2) CIFL
3) SIFE
4) SI1FL

Table C.2: Potential causes of failure for high flow in section 1 (V1)

after performing the coherent approximation
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C.1.2 High Flow in Section 2 (V2)

HFV2 = V2FC.P3B.P3F.P4B.(ACTIVE.DORMANT + V2FO.DORMANT.ACTIVE)

The prime implicant obtained for ‘high flow in section 2 (V2)’ when the system is ACTIVE

is:

V2FC.P3B.P3F.P4B,

which is of order 4 and contains only components and states that are known to NOT have
failed.

The prime implicant obtained for ‘unexpected flow at valve V2’ when the system is
DORMANT is:

V2FO.V2FC.P3B.P3F.P4B,

which is of order 5. After performing the coherent approximation the result obtained is
‘V2FO'.

C.1.3 High Flow in Section 3 (V3)

HFV3 = P5B.P5F.P5B.(V3FO.V3FC + C2FH.C2FL.V3FC
+S2FH.S2FE.S2FL.S2FVH.S2FF.C2FL.V3FC
= +S2FVH.S2FE.S2FL.S2FH.S52FF.C2FL.V3FC
= +S2FF.S2FE.S2FL.S2FH.S2FVH.C2FL.V3FC)

Number Prime Implicants
1) V3FQ.P5B.PEF.F6B.V3FC
2) C2FH.P5B.P5F.P6B.V3FC.C2FL
3) S2FVH.P5B.PEF.P6B.V3FC.C2FL.S2FE.52FL.52FH.S2FF
4) S2FH.P5B.P5F.P6B.V3FC.C2FL.52FE.S2FL.52F VH.S2FF

5) S2FF.P5B.P5F.P6B.V3FC.C2FL.S2FE.S2FL.S2FH.52FVH

Table C.3: Prime implicants for high flow in section 3 (V3)
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Fault Tree Construction

Number Potential Causes of Failure

1) V3FO
2) C2FH
3) S2FH
4) S2FVH
5) S2FF

Table C.4: Potential causes of failure for high flow in section 3 (V3)

after performing the coherent approximation

C.1.4 Low Flow in Section 1 (V1)

NWMS + V1FC.VI1FC + P1B.PiF + P1F.PiB + P2B.P2F
+C1FH.VIFO.C1FL + S1FH.V1FO.C1FL.S1FE.SIFL.SIFVH.SIFF

Prime Implicants

C1FH.VIFO.CiFL

S81FH.VIFO.C1FL.S1FE.S1FL.SIFVH.S1FF
S1FVH.V1FO.C1FL.S1FE.S1FL.S1FH.S1FF
S1FF.V1FO.C1FL.S1FE.S1FL.S1FH.S1FVH

Number Potential Causes of Failure

6) CIFH
7) SIFH
8) SIFVH
9) SIFF

LFV1 =
+S1VFH.V1FQO.CIFL.S1IFE.S1FL.S1FH.S1FF
+S1FF.V1FO.C1FL.S1FE.S1FL.S1FH.SIFVH

Number Prime Implicants Number
1) NWMS 6)
2) VIFC.VIFO 7)
3) PIBPIF 8)
4) PIF.PIB 9)
5) P2B.P2F
Table C.5: Prime implicants for low flow in section 1 (V1)
Number Potential Causes of Failure

1) NWMS

2) VIFC

3) P1B

4) PIF

5) P2B

Table C.6: Potential causes of failure for low flow in section 1 (V1)

after performing the coherent approximation

C.1.5 Low Flow in Section 3 (V3)

LFV3

P5B.P5F + P5F.P5B + P6B.P6F + V3FC.V3FO
+C2FL.V3FO.C2FH + S2FE.V3F0.C2FH.S2FL.S2FH.52F VH.52FF
+S2FL.V3FO.C2FH.52FE.S2FH.52F VH.S2FF
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Prime Implicants

C2FL.V3FO.C2FH
S2FE.V3FO.C2FH.S2FL.S2FH.S2FVH.S2FF
S2FL.V3FO.C2FH.S2FE.S2FH.82FVH.S2FF

Number Prime Implicants
— Number
1) P5B.P5F 5)
2} P5F.P5B 6)
3) P6B.P6F 7)
4) V3FC.V3FO

Table C.7: Prime implicants for low flow in section 3 (V3)

Number

Potential Causes of Failure

Number Potential Causes of Failure
1 psB 5) C2FL
2 PoF 6) S2FE
3 PoB 7) S2FL
4) V3FC

Table C.8: Potential causes of failure for low flow in section 3 (V3)

after performing the coherent approximation

C.1.6 Tray Level in Section 4

TRAYL = TR.TL+ TL.TR
Number Prime Implicants
1) TR.TL
2) TLTR

Table C.9: Prime implicants for tray level in section 4

Number Potential Causes of Failure
1) TR
2) TL

Table C.10: Potential causes of failure for tray level in section 4

after performing the coherent approximation
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C.1.7 Tank Level Pattern Decreasing

TANKDECL

ACTIVE.DORMANT(TL.TR + TR.TL

+P5F.P5B + P5B.P5F.P6B.(V3FO.V3FC + C2FH.V3FC.C2FL
+S2FH.V3FC.C2FL.52FE.S2FL.S2FVIL.S2FF
+S2FVH.V3FC.C2FL.S2FE.S2FL.S2FH.S2FF
+S2FF.V3FC.C2FL.S2FE.S2FL.S2FVH.S2FVH)

NWMS + V1FC.VIFC + P1B.P1F + P1F.P1B + P2B.P2F
+C1FH.V1FO.CIFL + S1FH.VIFO.CIFL.SIFE.S1FL.S1FVH.SIFF
+S1FVH.VIFO.CIFL.SIFE.SIFL.SIFH.SIFF
+S1FF.VIFO.C1FL.SIFE.SIFL.SIFH.SIFVH)
+DORMANT.ACTIVE.(TR.TL + P5F.P5B
+P5B.P5F.P6B.(V3FO.V3FC + C2FH.V3FC.C2FL
+S2FH.V3FC.C2FL.S2FE.S2FL.S2FVH.S2FF
+S2FVH.V3FC.C2FL.S2FE.S2FL.52FH.S2FF
+S2FF.V3FC.C2FL.S2FE.S2FL.52FVH.S2FVH)
+TL.TR.(V2FQ.V2FC + P3F.P3B)

+(TL.TR + V2FO.V2FC + P3F.P3B).(NWMS + VIFC.VIFC
+P1B.PiF + P1F.P1B + P2B.P2F + C1FH.V1FO.C1FL
+S1FH.V1FO.CiFL.S1FE.SIFL.S1FVH.S1FF
+S1VFH.VIFO.CIFL.SiFE.SIFL.SIFH.SIFF
+S1FF.VIFO.CIFL.SIFE.SIFL.SIFH.SIFVH))

Number

Prime Implicants Number Potential Causes of Failure

1
2)
3}
4)
5)
6}
7)
8)
9)

NWMS 10) S1FH.B1FE.SIFL.CIFL.VIFO
TLTR 11) S1FVH.SIFE.SIFL.CIFL.VIFO
TR-TL 12) SIFF.5IFE.SIFL.CIFL.VIFO
P5F.F5B 13) V3FO.P5B.P5F.P6B.V3FC

V1FC.VIFO 14} C2FH.P5B.P5F.P6B.C2FL.V3FC

P1B.PIF 15) S2FH.P5B.P5F.P6B.SZFE.S2FL.52F VIL.S2FF.C2FL.V3FC
P1F.PIB 16) S2FVH.P3B.P5F.P6B.52FE.52FL.52FH.52FF.C2FL.V3FC
P2B.P2F 17} S2FF.P5B.PF5F.F6B.52FE.52FL.S2FH.52FVH.C2FL.V3FC
CIFH.CIFL.VIFO

Table C.11: Prime implicants for tank level pattern decreasing

in the ACTIVE operating mode
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Number Potential Causes of Failure Number Potential Causes of Failure

1) NWMS 10) S1FH
2) TL 11) SIFVH
3) TR 12) S1FF
4) P5F 13) V3FO
5) VIFC 14) C2FH
6) P1B 15) S2FH
7) P1F 16} S2FVH
8) P2B 17) S2FF
9) CIFH

Table C.12: Potential causes of failure for tank level pattern decreasing

in the ACTIVE operating mode after performing the coherent approximation

Number Prlme Implicants Number Potential Causes of Fallure
1) TRTL 19) P2B.TL.P2F.TR
2) PsF.P5B 20) VaFO.P5B.F5F.P6B.V3FG
3) NWMS.TL.TR 21) CIFH.V2FO.CIFL.ViFQ.V2FC
4) NWMS.V2FQ.V2FC 22) CIFH.P3F.CIFL.VIFO.F3B
5) NWMS.P3F.P3B 23} CIFH.TL.CIFL.VIFO.TR
6) TL.V2FO.TR.V2FC 24) C2FH.PSB.PGF.P6B.C2FL.V3FG
7) TL.P3F.TR.F3B 25) SIFH.V2FO.SIFE.SIFL.CIFL.ViFO.VZFC
8) VIFC.V2FQ.VIFO.VIFC 26) S1FVH.V2FO.51FE.S1FL.CIFL.ViFO.V2FC
9) P1B.V2FO.FIF.VZFC 27) SIFF.V2FO.5IFE.SIFL.CIFL.VIFO.V2FC
10) PIF.V2FO.F1B.V2FC 28) S1FH.P3F.51FE.SIFL.CIFL.VIFO.P3B
11) P2B.V2FO.B2F.V2FC 29) SI1FVH.P3F.SIFE.S1FL.CiFL.VIFO.F3B
12) VIFC.P3F.VIFO.P3E 30) S1FF.P3F.S1FE.S1FL.CIFL.VIFO.P3B
13) P1B.P3F.F1F.F3B 31) SIFH.TL.SIFE.SIFL.CIFL.VIFO.TR
14) PIF.P3F.F1B.F3B 32) SIFVH.TL.ZIFE.SIFL.CIFL.VIFO.TR
15) P2B.P3F.F2F.F3B 33) SIFF.TL.SIFE.SIFL.CiFL.VIFGO.TR
16) VIFC.TL.VIFO.TR 34) S2FH.PSB.P5F.F6B.S2FE.S2FL.S2FVH.52FF.C2FL.V3FC
17) P1B.TLFIF.TR 35) 52FVH.PGB.FOF.P6B.52FE.S2FL.52FH.52FF.O2FL.V3FC
18) PIF.TL.FiB.TR 36) S2FF.P5B.P5F.F6B.S2FE.S52FL.52FH.C2FL.V3FC

Table C.13: Prime implicants for tank level pattern decreasing
in the DORMANT operating mode

Number Potential Causes of Failure Number Potential Causes of Failure
1) TR 19) S1FH.P3F
2) P5F 20) S1FVH.P3P
3) V3FO 21) S1FF.P3F
4) C2FH 22) P1B.P3F
5) S2H 23) P1F.P3F
6) S2FVH 24) PZB.P3F
k) S2FF 25} NWMS.P3F
) V1FC. V2FO 26) VIFC.TL
3} C1FH.V2FO 27) C1FH.TL

10) S1FH.V2FO 28) S1FH.TL
11) S1FVH.V2FO 29} S1FVH.TL
12) S1FF.V2FO 30) S1FF.TL
13) F1B.V2FO 31) P1B.TL
14) P1F.V2FO 32) P1F.TL
15) P2B.V2IFO 33) P2B.TL
16) NWMS.V2FO 34) NWMS.TL
17) V1FC.P3F a5} V2FO.TL
18) C1FH.P3F ’ 36) P3F.TL

Table C.14: Potential causes of failure for tank level pattern decreasing
in the DORMANT operating mode after performing the coherent approximation
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C.1.8 Tank Level Pattern Oscillating

TANKOS = TR.P3F.P5B.P5F.V3FC.C2FL.SOFE.S2FL.S2FH.52FVH. 52FF. V3FO
~ .C2FH.(NWMS.P1B.PIF.P2B.(VIFO.VIFC + CIFL.CIFH.VIFC
+S1FE.S1IFL.SIFH.STFVH.SIFF.CIFH.VIFC
+SIFL.SIFE.SIFH.SIFVH.SIFF.CIFA.VIFC).(ACTIVE.V2FO

+ACTIVE.(V2FC.V2FO + P3B.P3F + P4B.P4F)))

Number Prime Implicants
1) V1FQ.V2FC.TR.P5B.P5F.V3FC.C2FL.52FE.S2FL. VIFC.NWMS.P1B.P1F.P2B.V2FQ

2) V1FO.P3B.TR.P5B.P5F.V3FC.C2FL.S2FE.52FL.V1IFC.NWMS.P1B.P1F.P2B.P3F
3) V1FO.P4B. TR.P5B.P5F.V3FC.C2FL 52FE.52F L. VIFC.NWMS.P1B.P1F.P2B.F4F

4} C1FL.V2FC.TR.P5B.F6F.V3FC.C2FL.52F E.52FL.ViFC.CIFH.NWMG.P1B.P1F.P28.V2FO

5) C1FL.P3B.TR.P5B.P5F.V3FC.C2FL.82FE.852FL.VIFG.C1IFH.NWMS, P1B.PI1F.PZB.P3F
6) C1FL.P4B.TR.P5B.P5F.V3FC.C2FL.S2FE.52FL.VIFC.CiFH.NWMS3.FiB.P1F.P2B.FdF
) S1FE.V2FC.TR.P5B.F5F. V3FC.C2FL . §2FE.52FL.VIFC.CiFH.51FH.51FVH.51FF NWM3.P1B F1F.P2B.V2FO

8) S1FL.V2FC.TR.PEB.P5F.V3FC.C2FL.S2FE.52F L. VIFC.CIFR.S1IFH 51IFVH.S1IFF.NWMS.PiB.F1F.P2B.V2FO

9) $1FE.P3B. TH.PEB.F5F.V3FC.C2FL.52FE.52FL.VIFC.C1FH.51FH.51FVH.51FF.NWMS.P1B.P1F.P2B.F3F

10) S1FL.P3B.TR.F5B.F5F.V3FC.C2FL.52FE.52FL.VIFC.CIFH.S1FH.S1FVH.51FF.NWMS.P1B.PIF.P2B.PaF

11) S1FE.P4B.TR.P5B.P5F.V3FC.C2FL.52FE.52FL.VIFC.C1IFH.51FH.SIFVH.51FF.NWME.F1B.FP1F.P2B.PAF

12) S1FL.P4B.TR.P5B.PSF.V3FC.C2FL.53FE.82FL.VIFC.CIFH.51 FA.S1FVH.51FF.NWMS.P1B.F1F.P2B.PAF

Table C.15: Prime implicants for tank level pattern oscillating
in the ACTIVE operating mode

Number Prime Implicants
1} V1FO.TR.P5B.P5F.V3FC.C2FL.52FE.S2FL.V1IFC.NWM3S.P1B.P1F.P2B.
2) CIFL.TR.P§B.F5F.V3FC.C2FL.52FE.S2FL.VIFC.CIFH.NWMS.PIB.F1F.PZB.

3) S1FE.TR.P5B.P5F.V3FC.C2FL.52FE.S2FL.VIFC.C1FH.51FH.SIFVH.S1IFF.NWMS.P1B.P1F.P2B.

4) SIFL.TR.P5B.P5F.V3FC.C2FL.52FE.52FL.VIFG.C1FR.SIFH.51FVH.SIFF.NWM3.P1B.FiF.PZB.

Table C.16: Prime implicants for tank level pattern oscillating
in the DORMANT operating mode

Number Potential Causes of Failure Number Potential Causes of Failure
1) V1FQ.V2FC 7) S1FE.V2FC
2) V1FO.P3B 8) S1FE.P3B
3) V1FO.P4B 9) S1FE.P4B
4) CIFL.V2FC 10) S1FL.V2FC
5) C1FL.P3B 11) S1FL.P3B
6) C1FL.P4B 12) S1FL.P4B

Table C.17: Potential causes of failure for tank level pattern oscillating

in the ACTIVE operating mode after performing the coherent approximation
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Number Potential Causes of Failure

1) VIFO
2) CIFL
3) SIFE
4) SIFL

Table C.18: Potential causes of failure for tank level pattern oscillating
in the DORMANT operating mode after performing the coherent approximation

C.1.9 Tank Level Pattern Increasing to Full

TANKINCF = TR.P3F.P5F.(NWMS.P1B.P1F.P2B.(V1FO.V1FC + CIFL.VIFC.CIFH

= +4SI1FL.VIFC.CITH.SIFE.SIFIL.S1FVH.S1FF).(ACTIVE.V2FO
+ACTIVE.(V2FC.V2FO + P3B.P3F + P4B.P4F).(P5B.P5F
+P6B.P6F + V3FC.V3FO + C2FL.V3FC.C2FH
+S2FE.V3FC.C2FH.S2FL.S2FH.52FVH.S2FF
+S2FL.V3FC.C2FH.S2FE.S2FH.S2FVH.S2FF))

Number Prime Implicants

1) V1FO.P3B.P5B.TR.P3F.P5F.VIFC.NWMS.P1B.P1F.F2B

2)  VIFO.V2FC.P5B.TR.F3F.P5F.VIFC.NWMS.F1B.PIF.P2B.V2FO

3) VIFO.P3B.V3FC.TR.P3F.P5F.VIFC.NWMS.P1B.PIF.P2B.V3FO

4) CIFL.P3B.P5B.TR.P3F.P5F.VIFC.CIFH.NWMS.F1B.P1F.P2B

5) VIFO.P3B.P6B.TR.P3F.P5F.ViFC.NWMS.P1B.P1F.P2E.F6F

6) VIFO.P4B.P5B.TR.P3F.P5F.VIFC.NWMS.F1B.P1F.P2B.F4F

7)  VIFO.V2FC.V3FC.TR.P3F.P5F.VIFC.NWMS.PIB.F1F.P2B.VZFO.ViFG

8) CIFL.V2FC.P5B.TR.PEF.F5F.VIFC.CIFH NWMS.F1BE.P1F P2B.VZFO

9)  VIFO.V2FC.P6B.TR.P3F.P5F.VIFC.NWMS.P1B.P1F.P2B.V2FO.P6F
10) CIFL.P3B.V3FC.TR.P3F.F5F.VIFC.CIFH.NWHMS.F1B.P1F.F2B.V3FO
11) VIFQ.P3B.C2FL.TR.F2F.F5F.VIFC.NWMS.P1B.P1F.P2B.V3FO,C2FH
12) CiFL.P3B.P6B.TR.P3F.P5F.VIFC.CIFH.NWMS.F1B.P1F.F2B.F6F
13)  V1FQ.P4B.V3FC.TR.P3F.F5F.VIFC NWHMS.FiB .PI1F.F2B.F4F.V3FO
14)  CIFL.P4B.P$B TR.P3F.P5F.VIFC.CIFH.NWMS.P1B.P1F.P2B.P4F

15) V1FO.P4B.P6B.TR.P3F.P5F.VIFC.NWMS.F1B.FiF.F2B.F4F.P6F

16} C1FL.V2FC.V3FC.TR.P3F.P5F.VIFC.C1FH.NWMS.F1B.FP1F.P2B.V2F0O.V3FO
17) V1FO.V2FC.C2FL.TR.P3F.P5F.VIFC.NWMS.P1B.FiF.P2B.VZFO.V3FO.C2FH

18) C1FL.V2FC.P6B. TR.P3F.P5F.V1FC.C1FH.NWMS F1B FiF .P2B V2FO PeF
19) CI1FL.P3B.C2FL.TR.F3F.P5F.V1FC.CIFH.NWMS.F1B.FiF.P2B.V3FQ.UCZFH

20) C1FL.P4B.V3FC.TR.P3F.P6F.VIFC.CIFH.NWMS.F1B.F1F.P2B.P4F.V3FO

21) V1FO.P4B.C2FL.TR.P3F.P5F.V1FC.NWMS.P1B P1F.P2B.F4F.V3FO.C2FH
22) C1FL.P4B.P6B.TR.F3F.F5F.VIFC.C1FH.NWMS.P1B.F1F.PzB.P4F.F6F

23) C1FL.V2FC.C2FL.TR.F3F.P5F.VI1FC.CIFH.NWM3.F1B.F1F.P2B.V2FO . V3FO.C2FH
24) V1FQ.P3B.52FE.TR.FaF.P5F.ViFC.NWMS.P1B.F1F.PZB.V3FO.C2FH . S2FVH.52FF

25) VI1FO.P3B.52FL.TR.F3F.F5F.VIFC.NWMS.F1B.F1F.P2B.V3F0.C2FH.52FVH.S2FF

26) V1FQ.P3B.S2FH.TR.P3F.P5F.VIFC.NWMS.PiB.F1F.P2B.V3FQ.C2FH.52FVH.S2FF
27)  SIFE.P3B.P5B.TR.P3F.P5F.VIFC.C1FH.S1FH.51FVH.S1FF.NWMS.P1B.P1F.P2B

28) S1FL.P3B.P5B.TR.PaF.P5F.VIFG.C1FH.51FH.51FVH.S1IFF.NWMS.P1B.PIF.P2B

Table C.19: Prime implicants for tank level pattern increasing to full
in the ACTIVE operating mode
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Number Prime Implicants
26) C1FL.P4B.C2FL.TR.P3F.P5F.VIFC.CIFH.NWMS.P1B.P1F.P2B.P4F.V3FQ.C2FH

30) V1FO.V2FC.S2FE.TR.P3F.P5F.VIFC. NWMS.P1B.F1F.P2B.V2F0O.V3FO.C2FH.52F VH.52FF
31) V1FOQ.V2FC.52FL. TR.PaF.FoF.VIFC.NWM3.P1B.P1F.P2B.V2F0O.V3FO.C2FH.52F VH. 52FF
32) V1FQ.V2FC.§2FH.TR.P3F.PSF.VIFC.NWMS.F1B.P1F.P2B.V2FO.V3FQ.C2FH.SZFVH.53FF

33) S1FE.V2FC.P5B.TR.P3F.P5F.ViFC.CIFH.51FH.51IFVH.SIFF. NWMS.P1B. P1F.F2B.VZFO
24) SIFL.V2FC.P5B.TR.P3F.F5F.VIFC.CIFA.51FH.S1FVA.S1IFF.NWMG.FIB.F1F.FP2B.VZFO
35} SIFE.P3B.V3FC.TR.P3F.P5F.VIFC.C1FH.S1IFH.S1FVH.SIFF.NWMS.P1B.P1F.P2B.V3FO

36) $1FL.P3B.V3FC. TR.P3F.P5F.VIFC.C1FH.S1FH. 51FVH. SIFF.NWMS.F1B.P1F.P2B.V3ro
37 C1FL.P3B.S2FE.TR.P3F.P5F.V1FC.C1FH.NWMS.P1B.P1F.P2B.V3FO.C2FH.52FVH.52FF
38) CI1FL.P3B.S2FL.TR.P3F.P5F.VIFC.C1FI.NWMS.F1B.P1F.P2B.V3FQ.C2FH.S2F VH.5ZFF

39) C1FL.P3B.S2FH.TR.P3F.F5F.V1FC.CIFH.NWMS.F1B.P1F.P2B.V3FO.C2FH.52F VH.S2FF
40} S1FE.P3B.P6B, TR.P3F.P5F.VIFC.CIFH.SIFH.51FVH.SIFF.NWMS.P1B.Fir.P2B.P6F

41) S1FL.P3B.P6B.TR.P3F.P6F.VIFC.CIFH.5IFH.51FVH.SIFF. NWMS.P1B.FiF.P28.F6F

42) V1F(Q.P4B.S2FE. TR.P3F.P5F.VIFC.NWMS P1B.F1F.P2B.P4F.V3FO.C2FH.52F VH.52FF
43) V1FO.P4B.S2FL.TR.F3F.P6F.VIFC.NWMS.P1B.FiF.P2B. F4F.V3FO.C2FH.52FVH.52FF

44) V1FQ.P4B.52FH.TR.P3F.P5F.ViFC.NWMS5.P1B, PIF.P2B.PAF.V3FO.C2FH.S52FVH.52FF
45} S1FE.PAB.P5B. TR.P3F.P5F.VIFC.CIFH.S1IFH.51FVH.S1FF. NWMS.P1B.F1F.P2B.FiF
46} S1FL.P4B.P5B.TR.P3F.P5F.VIFC.CIFH.SIFH.S1FVH.SIFF.NWMS.F1B.P1F.P2B.P4F

47)  S1FE.V2FC.V3FC. TR.P3F.FG6F.VIFG.CIFH.51FH.51FVH.51FF.NWMS.F1B.P1F.P2B.V2ZF0O.VIFO

48) S1FL.V2FC.V3FC.TR.P3F.P5F.VIFC.CIFH.S1FH.51FVH.51FF.NWMS.P1B.F1F.P2B.V2FO.V3FO
49) S1FE.V2FC.C2FL.TR.P3F.P6F.VIFC.CIFH.51FH.51FVH.51FF.NWMS.P1E.P1F.P2B.V2FC. V3FQ.C2rH
50} S1FL.V2FC.C2FL.TR.P3F.PEF.V1FC.CIFH.SIFH.51FVHL.STFF.NWMS.P1B.P1F.P2B. VZF0.V3FO.C2FH

51) CIFL.V2FC.S2FE.TR.P3F.P5F.VIFC.CIFH.NWMB.F1B.P1F.P2B.V2FO.V3FO.C2FH.52FVH.52FF
52) C1FL.V2FC.52FL.TR.P3F.F5F.VIFC.CIFA.NWMS.P1B.F1F.F2B. V2FQ.V3FO.C2FH.52FVH.S2FF
53} CI1FL.V2FC.S2FH.TR.P3F.P5F.VIFC.C1IFH.NWMGS.P1B.P1F.P2B.V2FQ.V3FO.C2FH.S2F VH.S2FF

54) SIFE.V2FC.P6B.TR.P3F.P6F.VIFC.C1FH.SIFH.51FVH.51FF.NWMS.F1B.P1F.P28H.V2FO.P6F

55) S1FL.V2FC.P6B.TR.P3F.P5F.VIiFC.C1FH.51FH.5IFVH.51FF.NWMS.F1B.P1F.PZB.V2FO.P6F
56) S1FE.P3B.C2FL.TR.P3F.P6F.VIFC.C1FH.51FH.51FVH.51FF.NWM5.P1B.FP1F.P2B.V3FO.C2FH

57} SI1FL.P3B.C2FL.TR.P3F.P5F.VIFC.CIFH.SIFH.S1FVH.SIFF.NWMS.P1B.F1F.P2B.V3F0O.C2FH
58) SI1FE.P4B,V3FC.TR.P3F.P5F.VIFC.CIFH.51FH.51FVH.5IFF.NWMS.P1B.P1F.P2B.PAF.V3FO
59) S1FL.P4B.V3FC.TR.P3F.P5F.VIFC.C1FH.51FA.SIFVH.51FF.NWM3.F1B.F1F.F2B.P4F.V3FO
60) CIFL.P4B.S2FE. TR.F3F.P5F.ViFC.C1FH.NWMS.F1B.P1F.P2B.P4F.V3F0O.C2FH.S2F VH.32F F
61) CIFL.PAB.S2FL.TR.P3F.F5F.VI1FC.CiFH.NWMS. P1B.PIF.F2B.PAF.V3F0.C2FH.52FVH.52FF
62) CIFL.P4B.S2FH.TR.P3F.PSF.V1FC.CIFH.NWMBZS.F1B.FiF.PZB.F4F.V3FO.C2FH.52FVH.S2FF

63} SI1FE.P4B.P¢B.TR.F3F.F6F.VIFC.C1FH.31FH.SIFVH.51FF.NWMS3.F1B.FP1F.F2B.FiF.F6F
64) S1FL.P4B.P6B.TR.P3F.P5F.VIFC.C1FH.SIFA.SIFVH.SIFF.NWMS.P1B.P1F.P2B.Pil.P6F

65) S1FE.P3B.S2FE.TR.F3F.P5F.V1FC.C1FH.51FH.51FVH.3IFF.NWM3.F1B.P1F.P2B.V3F0O.C2FH.52FVH.52FF

66) S1FL.P3B.52FE.TR.P3F.P5F.VIFC.CiFH.51FH.51FVH.5IFF.NWMS.P1B.P1F.P2B.V3FO.C2FH.S2FVH.S2FF
67) S1FE.P4B.C2FL.TR.P3F.F5F.VIFC.CIFH.S1FH.51FVH.S1FF.NWMS.F1B.P1F.P2B.V3FO.C2FH

68) S1FL.P4B.C2FL. TR.P3F.P5F.VIFC.CIFH.51FH.51FVH.SIFF.NWMS.P1B.FP1F.P2B.P4F.V3FO.C2FH
€9) S1FE.P3B.82FL.TR.P3F.PSF.VirC.CIFH 51FA.S1IFVH.SIFF.NWMS.P1BE.P1F.F2B.VaFQ.C2FH.52FVH.52FF

70) S1FL.P3B.52FL. TR.P3F.P5F.VIFC.C1FH.51FH.51FVH.S1FF.NWMS.P1B.P1F.P2B.V3F0.C2FH.52FVH.52FF
T1) S1FE.P3B.82FH.TR.F3F.P5F.VIFC.CIFH.51FH.51FVH.51FF.NWMS5.P1B.P1F.P2B.V3FO.C2FH.52FVH.52F F

72)  S1FPL.P3B.S2FH.TR.P3F.P6F.VIFG.CIFH.S1FH.S1IFVH.51FF.NWMS.P18.P1F.P2B.V3F0.C2FH.82FVH.52FF

73) SIFE.V2FC.S2FH.TR.P3F.P5F.VIFC.CIFH.S1FH.51FVH.S1FF.NWMS.P1B.P1F.P2B.V2F0.VarQ.52F VH.S2FF
74) SIFL.V2FC.S2FH TR.P3F.PSF.VIFC.CiFH 51FH.51FVH.S1FF.NWMS.FiB.FIF.P2B.V2FO.V3FO.52F VH.S2FF
75) S1FE.P4B.S2FE.TR.P3F.P5F.VIFC.CIFH.51FH.SIFVH.51FF.NWMS.P1B.P1F.P2B.P4AF.V3FO.C2FH.52FVH.S2FF

76) 81FL.P4B.52FE.TR.P3F.P5F.V1FC.C1FH.51FH.51FVH.51FF.NWMS.P1E.P1F.F2B.PAF.VAFQ.C2F H.52F VI.S2FF
7 S1FE.P4B.S2FL, TR.P3F.PEF.VIFC.CiFH.51FH, 5 IFVH.S1FF,.NWMS.P1B.FiF.P2B.V3FQ.C2FH.S2FVH.SZFF

78) S1FL.P4B.S2FL.TR.P3F.P5F.V1FC.C1IFH.S1FH.S1FVH.SIFF.NWMS3.P1B.P1F.P2B.P4F.V3FO.C2FA.52F VH.52FF

79 S1FE.P4B.S2FH. TR.F3F.FEF.VIFC.CIFH.51FH S1FVH . 51FF . NWMS5 . P1B.P1F .F2B.FaF .V3FQ.C2FH.52FV H.52FF

80) S1FL.PAB.S2FH.TR.P3F.P5F.VIFC.CIFH.SIFA.S1FVH.SIFF.NWMS.P1B.F1F.F2B.P4F.V3FO.C2FH.S2FVH.S2FF
81) SIFE.V2FC.S2FE.TR.P3F.P5F.VIFC.CIFH.S1FH.51IFVH.S1FF.NWMS.P1B.P1F.P2B.VZF0O.V3FO.C2FH.52FVH.S2FF
82) SIFL.V2FC.52FE.TR.F3F.P6F.VIFC.CIFH.S1FH.51FVH.SIFF.NWMS.P1BE.P1F.F2B.V2F0.V3FO, C2FH.52FVH.52FF
83) SI1FE.V2FC.S2FL.TR.P3F.PLF.VIFC.CIFN.51FH SIFVH.SIFF.NWMS.Fi1B.PIF.P2B.V2FQ.V3FO.C2FH.52FVH.82FF

84) S1FL.V2FC.S2FL.TR.P3F.P5F.VIFC.CIFH.S1FH.S1FVH S1FF.NWMS F1B.P1F.P2B .V2FO .V3FQO.C2FH .5ZF VH.S2FF

Table C.20: Prime implicants for tank level pattern increasing to full
in the ACTIVE operating mode
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Fault Tree Construction

Number Potential Causes of Failure Number Potential Causes of Failure
1} V1FO.V2FC.V3FC 43) SIFE.V2FC.V3FC
2) VI1FO.V2FC.C2FL 44) SIFE.V2FC.C2FL
3 V1FQO.V2FC.S2FE 45) S1FE.V2FC.S2FE
4) VIFQ.V2FC.S2FL 46} SIFE.V2FCS2FL
5) V1FO.V2FC.S2FH 47T) S1IFE.V2FC.82FH
6) V1IFO.V2FC.P5B 48) S1FE.V2FC.P5B
7) VI1FQ.V2FC.P6B 49} SIFE.V2FC.P6B
8) V1FQ.P3B.V3FC 50) S1FE.P3B.V3FC
9) V1FO.P3B.C2FL 51) S1FE.P3B.C2FL

10) V1FO.P3B.S2FE 52) SIFE.P3B.S2FE
11) V1FO.P3B.S2FL 53) S1FE.P3B.S2FL
12) V1F0O.P3B.S2FH 54) S1FE.P3B.S2FH
13) V1F0O.P3B.P5B 55) S1FE.P3B.P5B
14) V1FO.P3B.P6B 56) S1FE.P3B.P6B
15) V1FO0.P4B.V3FC 57) S1FE.P4B.V3FC
16} VI1FO.P4B.C2FL 58) SIFE.P4B.C2FL
17) V1FO.P4B.S2FE 59) S1FE.P4B.S2FE
18) V1F0Q.P4B.S2FL 60) S1FE.P4B.82FL
19) V1FO.P4B.S52FH 61) S1FE.P4B.S2FH
20) V1F0.P4B.P5B 62} S1FE.P4B.P5B
21) V1FO.P4B.P6B 63} S1FE.P4B.P6B
22) CIFL.V2FC.V3FC 64) S1FL.V2FC.V3FC
23) C1FL.V2FC.C2FL 65) S1FL.V2FC.C2FL
24) CIFL.V2FC.S2FE 66) S1FL.V2FC.S2FE
25) CI1FL.V2FC.82FL 67) S1FL.V2FC.52FL
26) CIFL.V2FC.S2FI 68) S1FL.V2FC.82FI
27) CIFL.V2FC.P5B 69 S1FL.V2FC.P5B
28) CI1FL.V2FC.P6B 70} S1FL.V2FC.P6B
29) C1FL.P3B.V3FC 71) S81FL.P3B.V3FC
30) C1FL.P3B.C2FL 72) S1FL.P3B.C2FL
31) C1FL.P3B.S2FE 73} S1FL.P3B.S2FE
32) C1FL.P3B.S2FL 74} S1FL.P3B.S2FL
33) C1FL.P3B.S2FH 75) S1FL.P3B.S2FH
34) C1FL.P3B.P5B 76) S1FL.P3B.P5B
35) CI1FL.P3B.PsB 77} S1FL.P3B.P6B
36) C1FL.P4B.V3FC 78) 81FL.P4B.V3FC
3n C1FL.P4B.C2FL 79) S1FL.P4B.C2FL
38} C1FL.P4B.S2FE 80) S1FL.P4B.S2FE
39) C1FL.P4B.S2FL 81) S1FL.P4B.S2FL
40) ClFL.P4B.S2FH 82) S1FL.P4B.S2FH
41) C1FL.P4B.P5B a3) S1FL.P4B.P5B
42) C1FL.P4B.P6B 84) S1FL.P4B.P6B

Table C.21: Potential causes of failure for tank level pattern increasing to full

in the ACTIVE operating mode after performing the coherent approximation
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Number Prime Implicants

1) V1FC.V3FC.TR.F3F.P5F.VIFC.NWMS.P1B.P1F.P2B.V3FO
2) VIFO.PSB.TR.P3F.F5F.VIFC.NWMS.P1BE.PiF.P2B

3) VIFO.P6B.TR.P3F.P5F.VIFC.NWMS.PIB.P1F.F2B.P4F

4) CIFL.P5B.TR.F3F.P5F.VIFC.CIFH.NWMB.P1B.F1F.P2B

s) ClFL.V3FC.TR.P3F.F§F.VIFC.CIFH.NWM3.P1B.F1F.P2B.V3FQ

6) V1FO.C2FL.TR.P3F.P5F.VIFC.NWMS.P1B.P1F.P2B.V3FO.C2FH

7) C1FL.P6BTR.P3F.FoF.VIFC.CIFH.NWMS.P1B,P1F.P2D.P6F

8) CI1FL.C2FL.TR.P3F.P5F.VIFC.CIFH.NWMS.P1B.P1F.F2B.V3FG.C2FH

9) V1FO.52FETR.P3F.F5F,VIFC.NWMS.P1B.F1F.P2B,V3FQ.C2FH.52FVH.S2FF
10) V1FO.S2FL.TR.P3F.P5F.VIFC.NWMS.P1B.P1F.F2B.V3FQ.C2FH.S2FVH.52FF

11} V1FQ.S2FH. TR.P3F.F5F.V1IFC.NWMS.P1B.P1F.P2B.V3FO.C2FrH.S2FVH.52FF
12) S1FE.P5B.TR.P3F.F5F.VIFC.CIFH.S1FH.SIFVH.51FF.NWMS.F1B.P1F.P2B

13) SI1FL.PGB.TR.P3F.PEF.VIFC.C1FH.B1FH.S1FVH.S1FF,NWMS.P1B.FIF.P2B
14) SIFE.V3FC.TR.F3F.P5F.VIFC.C1FH.51FH.S1FVA.S1FF.NWM3.P1B.P1F.P2B.V3FO

15) S1FL.V3FC.TR.P3F.FoF.VIFC.CIFH.51FH.SIFVH.S1FF.NWMS, P1B.FIF.P2B.V3FO
16) C1FL.S2FE.TR.P3F.P5F.V1FC.CIFH.NWMS.P1B.P1F.P2B . V3FO.C2FH.52F V. S52FF
17) CI1FL.S2FL.TR.F3F.F6F.VIFC.CIFH.NWMS3.Pi1B.FP1F.P2B.V3FO.C2FA.52FVH.52FF
18y CIFL.S2FH.TR.P3F.P5F.VIFC.CiFH.NWMS.F1B.P1F.P2B.V3FO.C2FA.S2F VIL.52FF

19) S1FE.P6B.TR.P3F.P5F.VIFC.CIFH.5IFA.51IFVIL.S1FF.NWMES.P1B.P1F.P2B.P6F

20) SiFL.P6B.TR.P3F.P5F.V1FC.CIFH.51FH.SIFVH.SIFF.NWMS.P15.P1F.P2B.F6F
21) S1FE.C2FLTR.F3F.P5F.ViFC.CIFH.5IFH.SIFVH.S1FF.NWMS.FIB.F1F.PZB.V3F0.G2FH

22} S1FL.C2FL.TR.P3F.PSF.VIFC.CIFHA.SIFH.SIFVA.SIFF. NWMS.P1B.P1F.P2B.V3FO.C2FH

23) S1FE.52FE.TR.P3F.P3F.VIFC.CIFH.51FH.SIFVH.51FF.NWMS.F1B.FiF.F2B.V3FO.C2FH.52FVH.52FF
24) SI1FL.S2FE.TR.P3F.P5F.VIFC.CIFH.SIFH.S1FVH.S1FF.NWMS.P1B.P1F.P2B.V3FQ.C2FH.52F VH.S2FF
25) S1FE.82FL.TR.P3F.P5F.VIFC.CIFH.51FH.51FVA.SIFF.NWMS.PIB.P1F.F2B.V3F0.C2FH.52F VH.52FF
26) S1FL.S2FL.TR.P3F.P5F.VIFC.CIFH.SIFH.SIFVH.51FF.NWMS.P1B.P1F.P2B.V3F0O.C2FH.52F VH.52FF
27) SI1FE.S2FHTR.FPIF.FsF.VIFC.CIFH.S1IFA.S1FVH.SIFF.NWMS.P1B.P1F.P2B.V3FO.C2FH.52F VH.S2FF

28) $1FL.S2FH.TR.P3F.P5F.VIFC.CIFH.31FH.51F VA.51FF.NWMS.PiB.PiF.P2B.V3F0O.C2FH.52FVH.52FF

Table C.22: Prime implicants for tank level pattern increasing to full
in the DORMANT operating mode

Number Potential Causes of Fallure Number Potential Causes of Failure
1) V1FO.V3FC 15} S1FE.V3FC
2) V1FQ.C2FL 16) S1FE.C2FL
3) V1F0O.S2FE 17) S1FE.S2FE
4) V1FC.52FL 18) S1FE.S2FL
5) VI1FO.52FH 19) V1F0O.52FH
6) V1FQ.P5B 20) S1FE.P5B
k] V1FO.P6B 21) S1FE.PEB
8) C1FL.V3FC 22) S1FL.V3FC
9) C1FL.C2FL 23) S1FL.C2FL

10) C1FL.52FF, 24) S1FL.S2FE
11) C1FL.S2FL 25) S1FL.S2FL
12) V1FC.82FH 26) V1FOQ.8S2FH
13) C1FL.P5B 27) S1FL.P5B
14) CI1FL.P6B 28) S1FL.P6B

Table C.23: Potential causes of failure for tank level pattern increasing to full
in the DORMANT operating mode after performing the coherent approximation
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C.2 Success Tree Construction

C.2.1 Working High Flow in Section 1 (V1)

SUCCESSHFV1 = NWMS.P1B.P1F.P2B.V1FC.C1FH.SIFE.S1FL.S1FH.S1FVH.S1FF

C.2.2 Working High Flow in Section 2 (V2)

SUCCESSHFV2 = DORMANT.V2FC.P3B.P3F.P4B

C.2.3 Working High Flow in Section 3 (V3)

SUCCESSHFV3 = P5B.P5F.P6B.V3FC.C2FL.S2FE.S2FL

C.2.4 Working Low Flow in Section 1 (V1)

SUCCESSLFV1 = VIFO.C1FL.S1FE.S1FL

C.2.5 Working Low Flow in Section 3 (V3)

SUCCESSLFV3 = V3FO.C2FH.S2FH.S2FVH.S2FF

C.2.6 Working Tray Level in Section 4

SUCCESSTRAYL = TR.TL
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C.2.7 Normal Level Pattern

SUCCESSTANKNORMAL = TR.P5F.V3FO.C2FH.S2FVH.S2FF
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Appendix D

Fault and Success Trees for the Fuel
Rig when ACTIVE or DORMANT

D.1 Fault Trees

D.1.1 High Flow at IVP0130

HFIVP0130 = IVP0130B.IVP0130FC.IVP0130S.1VP0130L.IVP0130PB.P0121B.P0121F . PO121 PB.P0O121L
.P0122B.PO122F . P0122PB.F0122L.P0123B.PO123PB (IVP0130FO + CT0130T.CT0130F)

Number Prime Implicants
1}  IVP0130FO.IVP0130B.IVPOI30FC. IV P01305.IVP0130L.IVPC130P B.PO121B.POI21F
.PO121PB.P0121L.P0122B.P0122F.PG122PE . P0122L.P0123B.P0123PB
2)  CT0130T.IVP0130B.IVPOI30FC . IVP0I403.1VP0130L.IVPOI30PB.POIZ1B FOI121F
.P0121PB.P0121L.P0122B.F0122F.P0122PB.P0122L.P0123B.P0123PB.CT01 30F

Table D.1: Prime implicants for high flow at IVP0130
in the ACTIVE or DORMANT operating modes
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Fault and Success Trees for the Fuel Rig when ACTIVE or DORMANT Fault Trees

D.1.2 Partial Flow at IVP0130

PFIVP0130 = P0I2IB.P0121F.P0122B.P0i22F.P0123B
{IVP01308. IVPO130FC, 1VP0130FO.IVP0130B.1VPOI30PB.IVPOI30L
+{IVP0130FQ.(IVP0I30FC.IVP0O130B.IVP01305. IVP0130PB. IVP(O130L)
+C0130T.(CTO130F.IVPO130FC.IVPO130B.IVP01303.IVP0I30FPB.IVPOI30L) }
.(P0121PB.P0121L + P0121L.P012IPB + P0122PB.POI22L + P0122L.P0122PE
+P0123PB.P0123B.P0123F.P0123L)}

Number Prime Implicants
1) IVP0130S.IVP0130B.IVP0130FC. IVPOI130FC. IVPOL30L.IVP0I30PB. PO121E . PO121F. P0122B . POL22F. P0O123B
2)  PO121PB.IVP0130FO.P01Z1B.P0121F.FO121L. P0122B.P0122F.P0123B. IVPO130B.1VPOL30FC.IVP0I303
IVPOI30L.IVP0130PB
3)  PO121L.IVP0130FQ.FOIZIB.PO121F.POiZ1PB.P0132B,PU122F.PO123B. IV P0130E IVP0130FG.IVP01305
JVP0130L.IVF0I30PB
4)  P0122PB.IVP0130FOQ F01228.P0122F . P0i22L.P0121 B, P0121F.P0123B.IVP(130B.IVF01 30FC .1V P01305
JIVPCI30L.IVP(130FB
5)  P0122L.IVP0130F0.P0122B.F0O122F.FG122PB.P01Z1B.P0121F.P0i23B.IVF0130B.IVPOI30FC.IVP01 305
IVP0130L.IVP0130FB
6) P0123PB.IVP0130FQ.P0123E.PO1ZGF. P01 23L. POI21 B.FO121F. P01228. PO122F . IVP01308.1V PO130FC
IVP01305.IVP0130L TVPOI30PB
7)  P0121PB,CT0130T.F01Z21E.PO121F. FO1Z1L.P0122B.F0122F.P0123B.IVP0130B. IVP0130FC. C T0130F
8)  P0121L.CT0130T.P0121B.P0121F. PO121FPB.P0122B.F0122F. PO123B.IVP01308 . IVPO1 30FC.CTO130F
%  P0122PB.CT0130T.F0122B.P0122F. P0122L.P121B.P0121F.P0123B.IVP01308, IVPO130FC. CTO130F
100 P0122L.CT0130T.P0O122B.F0122F . PO122PB.P0121B. PO121F.P0123B.IVP0130B. IVF01 30F C.CTO130F
11)  P0123PB.CTD130T.P0123B.P0123F.P0125L.P01218 P0121F .F01228.D0122F JVP0130B.]VP0130FC.C TO120F

Table D.2: Prime implicants for partial flow at IVP0130
when in the ACTIVE or DORMANT operating modes

D.1.3 High Flow at IVP0110

HFIVP011¢ = POI(1B F0101F.FOI01PB.P0O101L.P0102B. PO102F.P0102PB.Po102L. P0103B
.P0103F.P0103PB . P0103L.P0104B P0104F .PO104PB.PO104L. P0105B.P0105PB
.P0106B.P0106PB.P0113B.P0113PB.P0114B.P0114PB. PPO110FSO. PPOI10FM
.PPOL10L.BPOI10B.BPOI10PB.(IVPO110FO.IVP0110FC. IVP0110B. IVPO1103
IVPO110PB.IVPOLIO0L + CTOL10T.CT0110F. IVP0110FC.IVP0110B . IVP01103
IVPO110PB.IVPOI10L).(ACTIVE.DORMANT + DORMANT.PP0110FO.ACTIVE)

Number Prime Implicants

1)  IVPO110FQ.IVPO110FC.IVPOII0E. IVPO110PB.1VP0110S.IVPO110L. PO101B.POL01F.PO101PE
.P0O101L.PGI02E.PO102F . PO102FB. P0102L. P0103B. P01 03F. P01 03P B. PO 103L. PO104B. FO104F
.P0104PB.F0104L.POI05E.POI0GF B.F0106B.POI06PE.PO113E . P01 13FB.P0114B.FO114FB
.PP0110FS0.FPPO110FM . PPOIIGL.BF0110B.BPO110PE

2)  CT0110T.IVPO1i0FC.IVP0110B.IVPO110PB.IVP01103.1VP0110L.P0101B.FO10IF.POI0IFB
.F0101L.P0102E.F0102F.P0102PB . P0102L.P0103B.P0103F . FO103P B.P0103L. F0104B.FO104F
.P0102PB.P0104L.F01058.PO106P5.P0106B.P0106PB.PO113B.P0113PB.P0114B.P0O114PB
.PP0110FS0.FPO110FM.FPOII0L.CT0110F.BPO110B.BPOI10PB

Table D.3: Prime implicants for high flow at IVP0110
when in the ACTIVE operating mode
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Fault Trees

Number Prime Implicants
1) IVPOL10FQ.PPO110FQ.IVPO110FC . IVPO110B.IVP0110PB.IVP01105.IVP0110L.F0101 B.PO101F.PO101F B
.POI01L.P0102B.P0102F.P0102PB. P0102L. P0103B.PO103F.FO103P B. PU103L.FO1046. PO104F
.P0104PB.P0104L.FOI055.POI105P B. POL06 5. POL06PE. PO113B.P0113PE. P01 14B.POI 14FB
FP0110F50.PP0OI10FM.PPO110L.BF0110B.BPOI10PB
2)

.PCI01L.P0102B . P0102F.P0102FB. P0102L.P0103B. . F0103F.FU103PB . PO103L. F0104B . PTHG4F

.PGI04PB.P0104L.F01058.PO165PB . PO106B . PO106PB.P0113B. PG113PB.P0114B.F0114FPB
PP0110FS50G.PPO110FM.PPO110L.CT0110F.BP0110B.BP0110PB

Table D.4: Prime implicants for high flow at IVP0110
when in the DORMANT operating mode

D.1.4 High Flow at IVP0120

HFIVPO120 =

Number

PO107B.P0IO7F. P0107PB.PO107L.P0108B.FO108F . POL0RPE.POI04L. PO108E
.P0109F.POI09PB.PO10SL.PO110B.P0110F. PO110PB.PO110L.P0Oi11 B.POI11PB
.P0112B.P0112PB.P01138.PO113PB.P0114B.P0114PB. PP0120FSO.PPO120F M
.PP0120L.BF0120B.BPO120PE. (IVP0120FQ.IVP01 20FC.IVP0120B.IVP01203
JIVP0120PB.IVPOI20L + CT0120T.CT0120F.IVP0120FC.IVP0120B.IVP01205
JIVP0120PB.IVP0120L).(ACTIVE. DORMANT + DORMANT.PP0120FO.ACTIVE)

Prime Implicants

1)

IVP0120F0. IVP0120FC.IVF0120B.1VP0120P B.IVP01205.1VF0120L.FO1076 . PO107F .POLOYPB
.P0167L.P01085.F0108F.P0108P B.P0108L. F01095.F0109F. F0105F B. PO10IL. FO1 10B.POT1GF
.FG110PE.P0110L.FO111B.P0111PB.P0112B.F0112PB.P0113B.P0113PB.P0114B. POI14PB
.PP0120FSO.PP0120FM.PP0120L. BP0120B.BP0120PB
CT0120T.TVF0120FC.IVP0120B. IVFO120P B.IVP01203.IVP0120L.P0107B.FO107F.PO107P B
.P0107L.F0108B.PO10RF.PO10BPB.PO108L.PO1098 . PO10OF.PO109P B.PUL0SL. FOL 10B.POL10F

.POITOPB.PO110L.FO111B.FOI11PB.PO112B.P0112FB.F0113B.P0113PB.F0114B.F0114FB
.PP0O120F50.PP0120FM.PPD120L.CTO120F . BPO1208.BP0L20PRB

2)

Number

Table D.5: Prime implicants for high flow at IVP0120
when in the ACTIVE operating mode

1

2}

Prime Implicants

IVP0120FO.FPO120FO.IVPO120FC . IVP(120B.IVF(120FPB.IVP()1205.1VP0120L.PO107B . PO107F.PO107PB
.P0OIO7L.POI0SB.POL08F.PG10BPB.FO108L. PO109B . PO10SF.PO109FP B. POI0SL.FO110B.FOL10F

POI{7L.P0O108B.PO108F .PO108PB.P0103L.PO10SB.F0109F.PO10SP B.PO10SL. PO110B . PO110F

.PO110FB.P011GL.PO11t1B.PO111PB.PO112E.P0112PB.PO113B.PO113PB.POI114B.POL14PB
FPF0120r50,.FP0120F M. PPO120L. CTO120F .BP0)1 20B.BP0i20PE

Table D.6: Prime implicants for high flow at IVP0120
when in the DORMANT operating mode
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D.1.5 Low Flow at IVP0110

LFIVP0110 = PO0101B.P0101F.PO10IPE.PO10IL + P0101F.P0i01B.FO101PB.POI0OIL
+P0102B.P0102F.P0102PB. PO102L + P0102F.F0102B.P0102PB.P0102L
+P0103B.P0103F.F0103PB.FP0103L + P0103F.P0103B.P0103PE.P0103L
+P0104B.P0104F. P0104PB.PO104L + P0104F.P01048. PO104PB.PO104L
+P0105B.P0105F. P0105PB.P0105L + P0106B.POL06F.PG106 PB.F01061,
+P0113B.P0113F.P0113PB.P0113L + P0114B.P0114F.PO114PB.P0114L,
+IVP0110FC.IVPOI10FO. IVP0O110B.IVPO110S.IVP0110PB. IVPOI 101
+IVP0110B.IVPO110FO.IVP0116FC. IVP0110S.IVP0i LOPB.IVPOL10L
+CT0110F.CTOII0T.IVPOI10FO.IVPGI10S + BP0110B.BP0110PB.BPO110L
+PP0110FSO.PPO110FM.PP0O110L

Number Prime Implicants
1)  P0101B.PO10IF.POI01FPE.FOI0IL
2}  POl01F.POI01B.PO10IPB.FO101L
3} P0102B.F0102F.F0102PB.P0102L
4) P0102F.P0102B.P0102FB.POIGZL
%)  PO103B.PO103F.POI0IFE . POLGIL
6} P0O103F.PO1G3B.PO1C3PB.POI03L
7}  PO104B.PO104F.F0104PB.P0104L
8) PO0104F.P01041B.P0104PB.P0104L
9)  P0105B.P010GF.P0105PB.FO105L
10) PO106B.PO106F.FO106P 5. PO106L
11)  P0113B.PO113F.P0113PB,PO113L
12) PO114B.PO114F.FOI14PB.PO114L
13)  IVPO110FC.IVPOI10FO . IVP0110B.1VP01165. IVP0110PE. IVPO110L
14}  IVP0110B.IVPOILQFO.IVPOL10FC.IVPOI105. VP01 10PB.IVPOI10L
15)  CTO110F.IVPGL10F0.IVPOI105.CT0110T
16) BPO110B.BPOI10FB.BPOIT0L
17) PPO110FSO.PPOI10FO.PPGII0FM.FPO110L

Table D.7: Prime implicants for low flow at IVP0110
when in the ACTIVE operating mode

D.1.6 Low Flow at IVP0120

PFIVPO120NF = P0107B.F0107F.P0107PB.P0107L + P0107F.P01378.P0107PB.PO10TL
+P0108B. POI10SF.PO108T B.P0103T. + P0105F.P0108E. PO10RPB. PO10SL
+P0109B.P0103F PO109FE.P0109L + P0109F. P0109B.PO10OPE. PO10SL
+P0110B.PO110F.FO110P B.PO110L + P0110F,P0110B.PO110PB.BEO110L
+P0111B.PO111F.PO111PB.POI11IL + PO112B.PO112F. PO112PB.POI12L
+P0113B.PO113F.POI13PB.PO113L + P0114B.P0114F . PO114PB.POI14L
+IVP0120FC.IVPGI20FO.TVP0120B.IVP0120S.IVP0120PB.IVP0120L
+IVP0120B.IVP0I20FO.IVPOI120FC.IVP01203.IVP0126FB.IVP0120L
+CT0120F . CT0120T.IVPO120F0. IVP01203 4 BP0120B.BP0120FB. BPO120L
+PP0120FSO.PPOI120FM. PPO120L
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Number Prime Implicants
1)  P0107B.PO107F.PO107PB.PO107L
2)  PO107F.F0107B.F0107PE.PO107L
3)  P0108B.P0OI08F.P010BPE.F0108L
4) PO108F.F0108B.P0I10EPE.P0O108L
5)  P0109B.POI09F.PC109PB.FO109L
6)  P0109F.POI0YB.FOL09PB.FOI09L
%)  PO110B.PO11CF.P0110PB.POIIGL
8) PO110F.P0110B.P0110PB.POI10L
9) P0111B.POIIIF.PO111PE.POI11L
10)  P0112B.PGl12F.P0112PB.PO1i2L
11}  P0113B.F0113F.P0113PB.PO113L
12)  P0114B.POI14F.F0114PE.P0114L
13)  IVP0120FC.IVPOIZ0FO.IV PO120B.1VP01205.1V PO120PB.IVP0120L
14)  IVPO120B.IVPO120FO.IVP0120FC, IVP01205.IVP0120PB.IVF0120L
15)  CT0120F.IVPOI20FC.IVP0120S.CT0120T
16) BP0120B.BP0120PB.EPO120L
17)  PP0120FSO.PF0120F0.PP0120FM.PF0120L

Table D.8: Prime implicants for low flow at IVP0120
when in the ACTIVE operating mode

D.1.7 Partial Flow at IVP0110 when Flow is Required

PFIVPO110F = P0101B.P0101F.P0102B.P0102F.P0103B.P0103F.P0104B.P0104F. P01058.PO106B.P0112B.P0114B
IVP0110B.IVPOI10FC.BP0110B.PP0110FS0O.CTO110F.(P0101PB. POI01L + P0101L.PO10IPB
+P0102PB.PO102L + P0102L . P010ZPB + P0103PB.POI03L + P01031L.PO103PB + P0104PB PO104L
+P0104L.P0104PB + P0105PB.PO105F. PO105L + P0106PB.PO106F.POL06L + P0113PB.P0113F. PO113L
+P0114PB.P0114F  PO114L + IVP0110S.IVPOIOFO.IVP01 10PB.IVPOL10L
+IVPO110PB.IVPO110FO.IVPGI108. IVPOII0L + IVPO110L.IVPO116FO.IVP01105. IVPO110PB
+BP0110PB.BPU110L 4+ PP0110FM.FP0110FO.PP0OT10L + PP0110L.PPOL10FO. PPO110FM)

Number Prime Implicants
1} Pol01PB.P0101B.P0101F.PO10IL.P0102B,.PO102F.P0103B.PO103F.PO104B.PO104F .P0105B .P01065 .PO113B
PO114B.BPO110E.IVP0110FC.IVP0110B.PPO110FS0.CTOL10F
2) P0101L.P0101B.P0101F.P0101PB.F0102B.PO102F . FO103E. P0103F . P0104B.F0104F . POLOSE. FO106B. PO113B
.F0114B.BPOIT0B.IVP0110FG.IVP0110B.PPO110FS0.CTO110F
3) Po0102PB.P01025.P0102F.P0102L.P01015.FP0101F.F01036. PO103F.F0104B . PO104F. P0O10GB. FO106E.PO113B
.P0114B.BP0110B.IVFOL10FC.IVP0110B. PPO1 10F50.CTO110F
4y  P0102L.F0102B.P0102F.PO102PB.PO101B.FO101F. P0103B.F0103F .FO104B.PO104F. PO105B.FP0106B.P0113B
.PO114B.BP0110B.IVP0I10FC.IVP0110B.PPOLI0FSG.CTO110F
5) P0103PR.F0103B.PH03F.POI03L. P0101B.PO101F. PO102B.PO102F . PO104E. PO104F, P01058. PO106E. PO113B
.PGI14B.BP0110B.IVFO110FC.IVPOL110B.PPO110FSC.CTO110F
§) P0103L.F0103B.F0103F.P0103PB.F0101B.P0101F.P0102B.P0102F.P0104B.FO104F. PO1G5E . PO106B. FOI13B
.F0114B.EP0110B.IVP0110FC.IVPG110B. PPO110FS0.CTOL110T
7)  P0104PB.F0104B.P0104F.P0104L. FOI01B.POI0LF. POI02B-PO102F. POI03E. PO1G3F. PO105 B, PO106B.PO113B
POI14B.BF0110B.IVP0110FC.IVP0110B.PPO110FS0.CTOL10F
8) P0104L.P0104B.P0104F.P0104PB.P0101B.P0101F.P0102B.PO102F . P01038.PO1G3F. P010GB.P0106B. PO113B
.P0114B.BEF0110B.TVF0110FG.IVP0110B. PPO110FS0.CTO110F
9)  P0105PB.P0i05B.POI10SF.PO105L.P0101B.PO101F.P0102B.F0102F.P0103B. PO103F.P0104B . FO104F. FO106B
.F0113B.P0114E.BPO110B.IVFP0OL10FC.IVP01 10B. PPOI10FS0.CTOL10F
10)  PO106PR.FO1065.POI06F.PO106L.FPO101B.PO10LF.PO10ZB-POL02F.PO103B.PO103F. POL04B.PO104F . PO105B
.P0113B.P0114B.BP0110B.IVPGI10FC.IVPO110B. PPO110OFSO.CTO110F

Table D.9: Prime implicants for partial flow at IVP0110 when flow
is required in the ACTIVE operating mode - Table 1
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Number
11)

12)
12)
14)
15)
16)
17)

18)

Prime Implicants
P0113PB.P0113B.P0113F.PO113L. P0101B.-POL0IF. POI02E.POI02F . PO1G3B.PO103F .PUO104B.PO104F. PO105B
.P0106B.P01148.BP0110B.IVFOI10FC.IVPO110E. PP 10FS0O.CTOL10F
P0114PB.F01145.P0114F.P0114L.P0101B.PO101F.POI02B. PO102F. PO103B. PO103F.P0104B.PO104F.POL058
.P01G6B.P01123B.BPO110B.IVP0110FC.IVPOI10B.PP0O110FS0O.CTO110F
IVP01103.IVP0110FC.IVP0110B.IVP0110F0.IVP01 10PB.IVPG110L. POI01 B.PO101F. PO102B. PO102F . PO103B
.P0103F.P0104B.PG104F.PO105B.POI068.P0113B.P0114E . BPO110B.PPO110FSO.CTO110F
IVP0110PB.IVPO110FC.IVPOI10B.1VPOL 10FCLIVP01105.1VP01 10L. PO101B.PO101 F. PO102B.FO102F. PO103B
.P0I03F.FPUI04B.PCI04F. PO 0SE. POL06B.P01136.F0114B.BPOL108.PPO110FSC.CTO1 10F
IVP0110L.IVPO110FC.IVP0110B.TVPGI10FO.IVPO1105.IVP0110PB.PO101 B. PO101F. FO102E.P0102F . PO103B
.P0103F.F0104B.P0104F.P01058.P01068.P0113B.P0114B.BPG110B. PPO110FSC.CTOL10F
BP0110PB.EP)110E.BPOI10L . PP0110FSO FO101E.PO101F FO102E . Fo102F.PO103E.PO103F, POL04E . PO104F
.P0105B.F0106B8.F0113E.P0114B.IVPO1 10FC.IVP01 108.CT0110F
PP0110FM.FP0110FO.PPO110F50.PP0110L. F0101B.PC101F. FO102E . PO102F. PO103B, FO103F. PO104B, FO104F
.P0105B.P0106B.P0113B8.P0114B. BP0110B.IVP0110FC.IVPO110B.CT0110F
PPO110L.FPPO110FO.FPO110F M. FPO110FS0. P0101B.POL101F.P0102B, PO102F.P0103B. PO 02F.P01048. PO104F
.PO105B.PO106E.PO113B.P011413.BPO110B.IVFOI10FC.IVPO110B.CT0110F

Table D.10: Prime implicants for partial flow at IVP0110 when flow

is required in the ACTIVE operating mode - Table 2

D.1.8 Partial Flow at IVP0120 when Flow is Required

PFIVP0120F = P0I07B.F0107F.F0108B.PO108F.P0169B. PO109F. FOI10B.PO110F. P0111B. F0112B.F0113B. F0114B
IVP0120B.1VP0120FC. EP01208. PP0120F50.CT0120F. (P0107PB. POTOTL + P0O107L.FO107PB
+P0108PB.P0108L + P0108L.P0108PB + P0109PB.F0109L + P0109L.POI0SFE + PO110PB.PO110L
+P0110L.PO110PB + P0111PB.PO111F.POII1L + P0112PB.P0112F.F01 121 + P0113PB.PO113F.PO113L
+P0114PB.P0114F.P0O1T4L + IVP01208.JVP0I120FO.IVP0120PB.IVP0120L
+IVP0120PB.IVP0iZ20FO.IVP01208.IVPO120L + IVP0120L.IVP0O120FO. IVP01205.IVP0120PB
+BP0120PB.BP0120L + PP(120FM.PPO120FO.PPO120L + PP0120L.PP0120FG. PPO120FM)

Number Prime Implicants
1) PO107PB.PG107TB.PO107F .PO107L.PO108B. PO108F.POL09B.POLOSF.PO1108.POI10F.P0111B.PO112B. P01 138
.P0114E.BF0120E.IVP0120FC.IVP0120B. PPO120F S0 . CTO120F
) P0107L.P0107B .PO107TF .PO10TPB.P0108B.FO108F .P0O1098B.PO109F .P0110B.P0O110F .PO111B.P0112B.P0113B
.P0114B.BP0120B.IVP0120FC.IVP0120B.PPO120FS0.CT0120F
3) P0108PB.P0108B.P0108F.FO1GSL.P0107B.P0107F.PO109B.PO109F.F01105.PO110F.PO1116.P0112B.PO113B
-P0O114B.BP012GB.IVPG120FC. IVPO120B.PPG120FSO.CTO1 20F
4} PO108L.PO10SE.PO108F.P010SPB.P0O107B. P0107F.PO109B.PO109F.PO110B.PO110F.P01118.P0O112B.PCI13B
.F0114B.BF0120E.TVP0120FC.1VF0120B. FFO120F SO . CTO120F
5) PO109PB.FO109B.PO10SF.PO100L. P0107B.POI07F.POL08B. POL0SF.PO110B.POL10F.PO1118.P0112B.P01138
.P01148. BP0120B. IVPOIZ0FC.TVFP0120B.PPO120F50.CT0120F
8) P0109L.PO109B.PO109F.PO109PB.PO107B . FO107F.PO1G8B.P0O108F . FO110B.P0110F.PO111B.P0112B.PO113B
POTT4B.BP0120B.IVFOI20FC. IVPO120E. PPOIZ0F50.C TO120F
) P0110PB.P0O110B . POI10F.PGI10L.PCOL0TE.PO107F.PO105B. PO10aF.PO1098. PO109F . PO1115.P0112B.FO113B
.F0114E.BP0120R.IVP0120FC.IVP01208.FPF0120FS0.CTO120F
8) PO11QL.P0110B.PO110F.PO11OPE.P0107B.PO107F.PO108B.PO108SF.PQ109B . PO109F.PO111B.P0112B.P0113E
,P0O114E.BP0120B.IVP0120FC.IVP0120B. PPO120FS0.CT01 20F
9) PO111PB.FO111EB.POI11F.PO111L.PO107R. PO10OTF.POLCBB.PO10SE . FO109B.POT09F. FO110B. PO110F.FO112B
P0113B.P0114B.BPG120B.IVP0120FC.IVP0120B.PPO120FSO.CT0120F
10} PO112PB.FO112B.P0112F.FO112L.P01078.PO107F.PO108B.PO108F.PO109B.PO109F.PO110B.PO110F.PO111B

11)

.F0112B.P(}114B.BP0120B.IVF(20FC.IVP0120B. PP0120F50.0T0120F

Table D.11; Prime implicants for partial flow at IVP0120 when flow

is required in the ACTIVE operating mode - Table 1
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Number Prime Implicants
12) P0114PB.P0114B.P0114F.P0114L.FOI07B.POI07F.P01068, FO108F . PO1095.PO109F, F0110B.PO110F.FO111E
.F0112B.P01138.BP0120B.1VPO120FC.IVPO1208.PPO120FS 0. CT0120F
13)  IVP01205.1VP0120FC.IVP(120B.IVP0120F0. IVP0120P B.1V P0120L.F0107B.PO107F.POI10BE. PO1GSF. PO109B
.POI0SF.PO110B.FO110F.P0111B.P0112B.P01 13B.P0114B.BF01208 . PP0120FS0.CTOI20F
14) IVP0120PB.IVP0120FC.IVP01208.IVF0120F0.IVF01203.1VP0120L. PO107B. PO107F. PO108E. POL0SE. POL09B
.POIDSF.PO110B. PO110F.P0111B.F0112B.P1135.P01148.BP01208.PP0120FSQ.CTOL20F
15)  IVP0120L.IVP0i20FC.IVP0120B.IVP0120r0.1VP01205.IVP0120P B.F0107 B.PO107F. PUI10BE. PO10AF . PO109B
.PO10SF.P0110B.PO110F.P0O111B.P0112B.P0113B.P0114B.BP0120B. PP0120F 50.CTG120F
15)  IVPO0120L.TVP0120FC.IVP0120B.JVP0120FQ.1VP01208.IVP0120F B.PU107B. POL07F . PO108B. PO108F. PO109B
.PO109F.P0110B.PO110F.P01118.P0112B.P01138.P0114E.BP0120E. PP0120FS0.CTO120F
16) BP0120PB.BP0120B.BP0120L.PPO120FS0. PO1078. POI0OTE. PO10SE. PO108F . PO109E. PO109F. P0110B. POI 10F
.P0111B.P0112B.PC113E.P0114B.IVP0120FC. IVP0120B.CT0O120F
17)  PP0120FM.PP0120F0.FPO120F50.FP0120L, POL07B.PO107F. PO108B. POLUBE. PO109B. PUI09F, POL10B. P01 10F
.P0I11B.F0112B.F0113B.F0114B.BF0120B.1VP0120FC.IVP0120B.CTO120F
18)  PP0120L.PPD120FC.PP0120FM.PPO120F50.P0107B. POT07F.PO108E. P0108F. PO1095, POL0SF . POL10B . POL10F
JP0I11B.P6112B.F01128.F0114B.EP0120B.IVPGI20FC.TVP0120B.CT0120F

Table D.12: Prime implicants for partial flow at IVP0120 when flow
is required in the ACTIVE operating mode - Table 2

D.1.9 Partial Flow at IVP0110 when Low Flow is Required

PFIVP0110LF = PO0I01B.P0101F.P0102B.P0102F.F0103B.P0103F.PO104B. PO104F.PO105B.P0106B. P01 138.70114B
IVPO110B.IVP0110FC.BPG110B.PP0110FSO.{ACTIVE. DORMANT
+DORMANT.PP0110FOQ.ACTIVE.PP0110FM.PP0110L).{(P0101PB.F101L 4+ P0101L.F0101FPB
+P0102PB.PG102L + P0102L.FOI02PE + P0103PB.F0103L + P0103L.P0103PB + PO104PB.PO104L
+P0104L.F0104PB + P0105PB.P0105F. PO105L + P0106PB.PO106F. PO106L + P0113PB.PO113F.P0113L
+P0114PB.P0114F.P0114L + BPO110PB.BP0110%. + PP0110FM.PP0110FO.PPO110L
+PP0110L. PPOIT0FO.PPO110FM). (IVP0110FQ.IVP01105.IVP01 10L.IVF0110PB
+CT0110T.CTOL10F.IVPO1105.IVPOI10L.IVPGII0PB) + IVP0110S.IVPOI0OFO.JVPOI10PB.IVEOI10L
+IVP0110PB.IVP0110FO.IVP01108.IVPO110L + IVP0110L. IVP0110FO.IVP01103.1VPOL10PB}

Number Prime Implicants .

1} P0101PB.IVP0110FQ.POI01B.POIGIF.PO101L. PO102B.P0102F.POL03B.P0103F . PO104B.PO10dF. POLOSB.PO106B. P0113B
FO0114B.BP0110B.IVP0110FC IVP0110B.FPO110FS0.IVF01105.1V POL10PB.IVE0I10L

2)  PO101L.IVPQ110FO.FCI01E.PO101F.POI01PB.P01028.PO102F.P0103B. POI0AF. PO104B. PO104F. PO105 5. PO106E. FOL13E
.P0114B.BPOI10B.IVPO110FC.IVPOL10B.FPO110FSU.IVP01105.IVPOL10PE. IVP0O110L

3)  P0102PB.IVP0110FO.P01025.P0162F . FO102L. PO101B.PO101F. FO103B.F0103F. PO104B. POI104F . PO1056. PO 106B. P0113B
.P0114B.BPF0O110B.IVPCI10FC.IVP0I10B.PPO110FS0.IVPG1105 IVPH 10E B.IVFOI 10L,

4)  P0102L.IVP0110F0.F0102B .P0i02F .F0102PB .PO101B.POI0IF .PO103B.PO10aF. PO1045. PO104F . P0105 8. PO106 . PG113B
.F0T14B.BPO110B.TVPOLI0FG. IVFOL10E.PPOL10FS0.1IVP01105.1VP0110PB. IVE0110L

5)  P0103PB.1VP0110FO.P0103B.PO103F. PO103L. PO101B.POI0IF.P01025.P0102F . POI104B.PO104F.PO105B. PO106B_PO113B
.F0114B.BF0110B.IVPOI10FC.IVP0110B.PFO110FS 0 .IVP01103. TVPOL10PB.IVF011 0L

6) P0103L.IVP0110FO.F0103B.P0O103F.P0103PB.P0101B.POICLIF. PO102B.POI0G2F. POL04B.POI04F. POL0GE. PO106B. P011 35
.F0114B.BP0110B.IVF0I10FC.IVP0110B.PPO110FSQ.IVP01105 .IVP0110PB IV PO110L

7}  P0104PB.IVP0110FQ.POL04B.PGT04F.P0104L. F0o101B.PO10IF. PO102B.F0102F. PO103B. PO103F . PO1068. PO106B.F0113B
.P0114B.BP0110B.IVPOI10FC.IVPO110B.PPO110FS0.IVPO1105.IVPO110PB.IVPO110L

8)  PO0104L.IVP0110FO.F0104B.PO104F.PO104FB.FO101B.POI0IF. P0102B.PO102F . PO103B.PO103F . POI0EE. PO106B.P0O113B
.F0114B.BPO110B.IVPOI10FC.IVP01108.FPO110FS 0.1V P0110S.IVPOLI0PB.IVFO110L

9)  PO10SPB.IVP0110FQ.POI05B.PGIG5F. POIOSL.FO101B.PO101F .FOL102B .PO102F . PO103B .PU103F .POL04B, PO104F. P01 06E

,PO113E.P01148.BP0110B.IVPO110FC.IVP0110B.PPC110FS0.IVPO1105.1VP0110PB.IVPO110L
10)  P0106PB.IVP0110FQ.PO106B.PO106F.P0106L. FO101B.PO101F. PO102B.PO102F - Pu103B.P0103F.P01048. POLG4F . POI105B
.F01135.P0114B.BPG110B.IVP0110FC.IVPOI10B. PPO110FS0.IVP01108.IVP01100B. IVPO110L

Table D.13: Prime implicants for partial flow at IVP0110 when low flow
is required in the ACTIVE operating mode - Table 1
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Number

Prime Implicants

11}
12}
13)
14)
15}
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
20)
31)
32)

33)

P0113PB.IVP0110FQ.P0113B . PO113F.PO113L. FO101E.PO101F. PO102B . FO102F.PO103B.F0103F.PO104B.P0104F . PO105B
.P01068.P0114B.BF01108.IVPOL10FC.IVP0110B.P PO110FS0.IVP01108.IVPD1 10PB.IVP0110L

P0114PB.IVP0110FQ . P0114B.F0113F . PO114L.PO101B.POI(N F.P0102B.P0102F.P01038.P0103F. PO1048. FO104F. P01068
.F0106B.F0113B.BP0110B.IVPO110FC.IVP0110B.FP0O110FS0.IVP0110S. IVP0110PB.IVPO1 101
BPO110PB.IVPO110F0.BEF01108.BP0110L. PP0110F50.PO101B.PO101F . PO102B. PO10ZF.F0103E. PO103F. PO 04B. PO1G4F
P01065.POI06B.F0113B. PO114B.1VFPO110FC.IVP0I10B.IVF0110S.IVP0O110FB.IVP0OI10L
PP0110FM.IVP0110FQ.PPO110FO . PPO110FSO. PPO110L. PO101B.FO101F.P01025. PO102F.P0103B . POIGAF.PO104B . FO104F

PPO110L.IVP0110FO.PPO110FO.PPO110FM.PP0110FS0O.PO101B.PO101F. PO102B. PO102F.P0 1038 . P0103F . FO1G4B. POI04F
.P0105B.P0106B.F01135.P0114B.BP0110B.IVPOI10FC.IVP01108.IVFP0110S.1V POI10PB.IVPOL10L
P010iPB.CT0110T.F(101B.PO101F.FO101L.Fo102 . PO102F . PO103D. POLOSF . P0104B.P0104F . PO105B. PO106B. PO113B
.F0114B.BP0110B.IVP0110FC.IVP0110B.PPO110FS0.CTO110F
P0101L.CT0110T.F010iB.FOI01F. PO101PB.F0102B. F0102F. F0103B.FOI103F . P0104E. PO104F . PO105B. PO106B.F0113B
.F01146.BP0O110B.IVPO110FC.IVPOI108.PPO110F30.CTOL10F

F0102PB.CT0110T.P0i1G2B . FO102F . F0102L.F01015.F0101F. PO103B. F0103F . PO104B. POIGAF.FO105B . P0106 B. P01 13B
F0i14B.EP0110B.IVF0110FC . IVPOI110B.PPO110FS O.CTO110F

.P0114B.EP0O110B.IVPO110FC.IVP0110B.PPOI10FSO.CTO110F

P0103PB.CT0110T. PO103B. FO103F . FO103L.P01010 . PO101F. FO1025. P0102F . PO104B. FO104F .F01068.P0106 5. PO1 13B
.F0114B.EP0110B.IVPGIIGFC.IVPOL10B.PPO110FS (3.CTO1 10F

PO103L.CT011¢T F01035 .F0103F .FO103PB.P01018 .FO101F.FO1028. PO102F .P0104E. PO104F . PO106B. . PO106D. PO113B
.P0T145.BP0110B.IVPOL10FC.IVFO1108. PPOL10OFS O.CTO110F

P0104PB.CT0110T. P0104E. PO104F . PO104L.P01016 . FO101 F.P0102B.P0102F. F01038. PO103F . FO1058 . P0166B . FOI13B
.P0i14B.BP0110B.IVPO110FC.IVPOL10B.PPOI 10FS0O.CTO110F
P0104L.CT0110T.F0104B.Pi104F.PO104FB.F0101 8. POI101F.P0102B.F0102F . P0103B.FO103F. P01 058.F01066.POL13B
.P0114B.BP0110B.IVPOL10FC IVPO110B.PP0110FS0.CTOL10F

P0105PB.CT0110T.P0I0EE . F0105F . PO105L.FO1018 . FO101F. P01025. FO102F. PO103B. FO103F . PU104B. PO104F . PO10GE
.P0113E.F0114B.BP0110B.IVPOI10FC.IVP0110B. PPO110FS0.C TOI 10T

P0106PB.CT0110T.PO106B . FO106F.F0106L.P01018. PO101F. PO1025. FO102F. P0102B.FO103F. P0104B . PG104F . FOIOSE
.P0i13B.F0114B.BPO110B.IVP(110FC.IVFPOL106.PPOL1IOF50Q.CTOI110F
P0O113PB.CT0110T.P01138.FOI13F.F0112L.PO101B.POI01F.F01025.P0102F .P0103B.PGI103F .P0104B .FU104F .PO105B
.P0106B.P0114B.BF0110B.IVP01 10FC.IVPUI10B. PPOIL0OFSQ.CTOL 10F

.F0106B.P0113B.BF0110B.IVP0110FC.IVPO110B.PPOI10F S0, CT0110F
BP0110PB.CT0110T.BEP0110B.BPO110L.PP01 10FSQ.PO101B.PO101F . PO102B. PO102F. P01035. POI103F . F0104B. PO104F
.F01058.F0106B.F01135.P01148. IVPOLI0FC.IVP01 10B.CTOL10F

PP0110FM.CT0110T.PP0110FO . PP0110FS0.PP0110L.P0O101B.PO101F. PO102B. PO102F. PO103B. PO103F. P0104B.FO104F
.P0I05B.P0106D.FP0119B.P0114B.BP0110B.IVPO1I0FC. IVP01108.CTO110F
PP0110L.CT0110T.PPO110FO.PPO110FM.PPO110FS0.PO101B. POL01F. P0102B. FO102F. PO103B. POI03F. PO104B.PO104F
.FiT055.P01065.P01138.F0114B.BP0110B.IVP0i 10FC.IVPOI10B.CTO110F
IVP01105.P0101B.P0101F.P0102B.PO102F .P0103E- P0103F.P0104E.FOI04F. PO105E. PO106B. FO113B.F0114B
.BP01100.IVPOL10FC. IVPO110B.IVP0110FQ. VP01 10L. IVEO1 10PB.FPOI 1I0FSO-C TOL10F

.BP0110B.IVP0110FC.IVP0110B.IVPO110F0.IVP( 10PB.IVP0110S.PP01 10F50.CTOL10F

Table D.14: Prime implicants for partial flow at IVP0110 when low flow

is required in the ACTIVE operating mode - Table 2

Number

1)
2)
3)
1)
5)

&)

Prime Implicants

.POI13B.P0114B.BP§110B.IVP0110FC.IVPOLI10B. PPOL10FS0Q.IVP01108. IVPG110PB.IVP0110L.PPO110L. PPOL10FM
P0102L.IVPO110FO.PPCOL10F0Q. PO1G2E .FO102F .F0102PB.P(101B FOI01F.F0103B . FO103F.P0104B .FOI04F . FO105B . FO1068
.F0113B.P0114B.BP0110B.IVPOI10FC.IVFPD110B.PPOII0FS0.IVPO1105.IVP01 10PB.IVPGI 10L. PPO1 10L.PPO110F M

.POI13E.FO114B.BP0110B.IVPO110FC.IVFOI10B. PPOI10FSO.IVPO1105. IVPGI110PB.IVPOI10L. PFO110L. PPOL 10F M
P0103L.JVP0110FQ.PPO110FO. PO103B.P0103F.PO16G3F B. FO1016. POL01F. P01025. PO102F . P0104B. PO104F .P01055 .P0106B
.P0113E.P0114B.BF0110B.IVP0110FC.IVP0110B. PPOL10FS0 JVP01105 IVP0110PB . IVP0110L.PPO110L . PPOLIOF M

Table D.15: Prime implicants for partial flow at IVP0110 when low flow

is required in the DORMANT operating mode - Table 1
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Number
7}

8)

9)
10)
11)
12)
13)
14}
18)
186)
17)
18)
18}
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)

33)

Prime Implicants

.F0113B.POIT4E.BF01108.IVPOI10FC.IVP0110B. PPOI10FSO.IVP01105. IVP0110PB.IVP0110L. PPOII0L. PPGI10F M
P0104L.IVPO110FO.PP0110FQ . PO104B . PO164F.FO10dPE PO101B.PO101F.PO102B.FO102F . F0I03B.PO1G3F . PO10SB.FO106B
.P0I13B.PO114B.BPF0110B.IVF0110FC.IVP0I 10B. PPOI10FSO.IVP01108. VP01 10PB. IVPU1 10L. FPO110L . PPO110FM

.F)105B.FOI13B.F01148.BPOL10B.IVPOI 10FC.IVP0I10B.PPO110FS0O.IVP01105.1VPOL10PB.IVP0110L. FPO110L. PPOI10F M
P0113PB.IVP0110FO.PP0110FQ. PO113B . FO1 13F . PO112L.FO101B.PO101F.PO102B. FOI02F . P0103B.P0103F . POL104B. PO104F

.P0105E.P0106B.P0113B.BPOI10B.IVPOI 10FC.IVPOI10B.PPO110F50.IVP01105.1VP0110PB.IVP01 10L. PFO110L. PPO110F M
BPO110PB.IVP0110FQ.PPOL10FQ, BP(H 108 . BF0110L.FPO110FS0. PO101B.FOI01F. P0102B.PO102F . FOI03E. POI03F . PO104E
.P0i04F.POI05B.P01068E.P0113B.P0114B.IVPO110FC-IVPOL10B.IVF01105.IVPO1 10 B.IVP0110L. FPO110L. PPOLIOFM
FP0110FM.IVP0110FO.PP0O110FO PPO110FO.PPO110FS0.PP0110L. PO101E.POICIF.PO102B. PO102F. PO103 5. FO103F. PO 1048
.P0104F.P0O105B.F0106B.P01138.F01145.BP0110B.IVPO110FC.IVP0110B.IVP01103.IVP0110PB. IVP0110L. PPOIT0L.PFOI10FM
PP0110L.IVP0110FO. PPO110FQ. FP0110FO. PFO110FM.PPOL10FS0.PO101B. PO101F. FO102B. PO102F . PO103B. PO103F. PO104E
.P0104F.FO105B.P0106E.P0113B.P0114B.BPO110B.IVP0O110FC.IVPO110B.IVP01105.JVPO110PB.IVPOI10L.FPO110L. FPO110FM
P0101PB.CT0110T.PP0110F0. F0101B.PO101F.PO101L. P0i02B. P0102F. P0103B. POL0SF. PO104B . PO104F . PO105E . PO106B
.P0113E.P0114B.BP0110B.IVP0110FC.IVPO110B. PPO110FSO.CTO110F .PPO110L. PPO110FM

.P0113B.F0114B.BP0110B.IVP0110FC.IVF01 10B.PPOII0FS0.CTO110F . PPO110L. PFO110F M
P0102PB.CT0110T.PPO110FO.F01028 . FO102F.PO10ZL. FO101B . POI0IF . FO103B.P0i03F.PO104B . FO104F .FO1058 . FO106 B
.P0O113B.P0114B.BP011¢B.IVP)110FC.IVP0110B. PPC110FS0O,CT0110F . PPO110L.PPO110FM

.F0113B.P0114E .BP0110B.1VFO110FC.IV P01 10B. PP0O110FS0.CT0110F.PPO110L.PFO110FM
P0103PB.CT0110T.PP0110F0.POI03B . PO103F.PO103L. PO101 B. FOI01F. P0O102E.P0102F. P0O104B. FO104F. PO105 5. PO106 B
.FO113E.P0114B.BF0110B.IVP0I10FC.IVP0110B. PPO110FS0.CT0110F. PPO110L-PPOL10OFM
P0103L.CT0110T.PP0110FQ.P0103E .PO103F.FO103FPB.P0101B.POI01F. PO102B. PO102F. PU104B . POIC4F.PO10SE. POI06B
P0T138.P0114B .BP0110B.IVPO110FC.IVP01108. PPO110F80.CTO110F.PPU110L. PPOII0F M
P0104PE.CT0110T.PP0110FO.F0104B .FOI04F P0104L.POI01B. PO101F .FO102B6. POI02F. PO103B. FO103F . PO105 B . PO10GE
.F0113B.P0114B.EP0110B.IVPOI10FC.IVP0110B.PPOI10FS0.CT0110F.PPO110L. PPOILOF M
P0104L.CTO110T.PPO110FQ. P0104B.FO104F. PO104PB.POI01B.POI0IF.PO102B . PO102F. PO103B. PO10AF.PO1058. PO106B
.POT13B.P0114B.BEP0110B.IVPOI10FC.IVPO110B. PPO110FS0.CT0110F.PPO110L. PPO11OFM
P0105PB.CT0110T.PP0110FC . PO105B .FO105F .PO105L .PO101B. FO101F. PO102B. PO102F. P0103B. PO103F.PO104B. PO104F

P0113PB.CT0110T.PPO110FO. PO1138.F0113F.P0113L. FO101B.PGIC1F. POIO2E. PO102F. POI103B . FO103F.POL04B . PO104F
.PO10BE.P0106B.F01145.BPO110B.IVPOL10FC.IVP0110B.PPOILOFS0O.CT0110F .PPOL10L. PFG110FM
P0114PB.CT0116T.PP0110F0.P01145 .PO114F.P0114L.P0101B.PO101F .P0O102B.PO102F. PO103B.PO103F.PO104 3. POL04F
.P0105B.P0O106B.F01138.BPO110B.TVPO110FC.IVF0I10B. PEQI110F50.CTHL 10F, PPO110L. PPO110F M
BP0110PB.CT0110T.PP0110FC.BP01108.BP0110L, PPO110FS0.FP0101B.PO101F.PO1028.P0102F . P0103B. PO103F.PO104B
.P0104F.P0105B.F0106B.P0113B.P0114B.IVPOL10FC. IVP0110B.CT0110F . PPO110L. PPOL10OFM

PPO110FM.CT0110T. PPO110FQ. PPO110F0 . PPO110FS0.PP0110L. PG101B.PO101F.P0102B.P0102F -FO1038 .PO103F.PO104B
.FO104F.PO105B.P0106B.PO113B.F01148.BPOL10B.IVPO110FC.IVPOL10B.CT01 108 . PPO110L. FPOLIOFM

PPO110L.CT0110T.PP0110FO.PPO110FC . PPOL10FM.PPOII0FS0. PO101B.PO101F. PO1028.PO102F. PO1035. POI03F. PO104B
.P0104F,POL05B.P01068.P0113B.F0114B.BPO110B. IVPO110FC.IVPO110B.CT0110F .PPOL10L. PPOI10FM
IVP0110S.PP0110F0.FOI01B . FO101F.P0102B.P0102F . PO103B. PO103F . PO104B.PC104F.PO105B.P0106B.PO1 138

.P0114B.BP0110B.1VPOII0FC.IVP0110B. IVP0I110FO. IVPOL10L. IV P01105. FPQ110F S0, CT0110F . PPOII0L. PPO11OFM
IVP0110L.CTO110T.PP0110FO.P01018.PO101F.PO102B.PO102F . PO103B. P0103F.FO104B.P0104F. PGI105B. FO106B.F0113B
.PG114E.BF0110B.IVP0110FC.IVPO110B.JVP0110FO.IVPO110PB.IVP01105. PPO110FS0O.CT0110F . FPOI10L.FPO110F M

Table D.16: Prime implicants for partial flow at IVP0110 when low flow
is required in the DORMANT operating mode - Table 2
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Fault and Success Trees for the Fuel Rig when ACTIVE or DORMANT Fault Trees

D.1.10 Partial Flow at IVP0120 when Low Flow is Required

PFIVP0120LF = FP0I07B.PO107F.POI08B.PO10SF.PO109B. PO109F. PO110B.FO110F. P0111B.F0112B.P0113B.P0114B
IVP0120B.IVP0120FC.BP0120B.PP0120F30. (ACTIVE.DORMANT
+DORMANT.PP0120FQ.ACTIVE.PPO120FM.PP0120L). {{P0107PR . POI07L + P0107L.POI0OTPB
+P0102PB.POI0EL + PO108L.FO108FE + Po109PE.PO100L + P0109L.FO109PE + P0110PB.POIT0OL
+P0110L.POI10PB + P0115PB.FO111F.PO111L + PO116PB.POI12F.PO112L 4 P0113PB.POI13F. PO113L
+P0114PB.P0114F.P0114L + BP0120PB.BP0120L + PP0120FM.PP0120FCO.PP0120L
+PP0120L.PP0120FO.PPO120FM).(1VP0120F0.TVP01205.1VP0120L. IVP0120P B
+CT0120T.CT0120F.IVP0120S.IVP0120L IVPG120PB) + IVP01208.IVP0120F0.IVP0120PB.TVPO120L
+IVP0120PB.IVP0120F0.IVP01208. IVP0120L + IVP0120L.IVP0120F0. IVPO120S. IVPOI 20PE}

Number Prime Implicanta

1)  P0107PB.IVP0120FC.PO107B.PO10TF.P0107L. PO108B. PO108F.PO109E. PO109F. PO110B.PO110F. PO111 B.P0112B.F0113B
.P0114B.BP0120B.IVP0120FG. IVE(01208, PP0120F50.IVPC120PB.IVFP01205. IV P01 201,

2)  PO107TL.IVP0120F0.F0107B.P0107F.POI07PB.PO108E. PO10SF.P0109B. POI10OF. PO110B.POL10F. PO1118.PO112B. PO113E
.F0114B.BP0120B.IVP0120FC.IVP0120B.PPOI20FS0.CT0120F . IVP0120PB.1V P01205.IVP0120L

3)  P010SPB.IVP0120FO.FOI08E.PO10SF. PO10BL.PO107B.POIG7F.PO109B. PG105F . FOI10B.PO110F.PO111B.P0O112B.POI13B
.POTT4E.BP0120B.IVP0120FC.IVP0120B. PPO120FS0.IVPU120PB.IVP01205. [IVP0120L

4)  P010BL.IVP0120F0.F0108B .P0108F.POI08PB.P0107B.P0107F . P01 09B.PO109F. FO110B.FO110F. P01110.P0112B.F0112B
.P0114B.BP01Z0B.IVP0120FC.IVP01208.PP0120FSO . IVP0120PB.IVP01203. VP01 20L

5}  P010%PB.IVP0120F0.PO109B FOI09F.FP0109L.F0107B.PO107F . PO108E. PO108F. PO110B.PO110F . P0111B.PO112B.PO1123B
.F01148.BP(120B.IVP0120FC.IVP(120B. PPOL20FSG. IVP0120PB. 1V P01 208.1VPOL20L

6)  P010SL.IVP0120FQ.P0109B.POI0GF.PO109F B. P0107B.PO107F . PO108B. PO108F . FO110B. PO110F.P01115.P01128.F01 138

7)  PO0110PB.IVP0120FO.PO110B.PO110F.P0110L.P0107B.POL07F.PO108E. PO10BF . PO109B.POL106E. PO111B.PO1128.F01136
.F0114B.BP0I20B.IVF0120FC.IVP01208.PPO1Z20FS0.IVP0120PB.1VP01208. 1V PO120L

8)  PO110L.IVP0120FO.P01160B.P0110F.P0OI10PE.P01078.PG107F.PO108B.POI0&F. PU109B . POI09F . F0111B.PO112B. FOL 138
.F01148.BP0120B.1VP0120FC.IVP01208. PPO120F50.1V P0120PB. IVP01 2058. IV P01 20L

9) PO111PB.IVP0120F0O.P0111B.PO111F.P0111L. PO10TE.P(HO7F.PO108E,. POI08F. P0O109B, POI09F.PO110B.PO110F.PO11 2B
.FO1138.P0114B.5P01208.IVP0120F (. IV P01 20B. PPU120F50 . IVP0120P B. IV P01205. IVPO120L

10)  P0112PB.IVP0120FC . F0112B.P0112F.P0112L PO1078.PO107F.PO10SE. POI0SF. PO109B. PO10SF. P01 108.POL10OF . PO111E
.FO113E.PO114E.BP01208.1VP0120FC.IVP0120B.PPGI20FS0.IVE(H 20P B.IVPG1205.- 1Y PO120L

11)  P0113PB.IVP0120FO.P0113B.FO113F.PO113L.F0107B.PO107F .PO108B. PO108F.PO105B.PO109F . FO110B.PO110F .PO11 1B
.P01128.P0114B.BP0120B.IVF0120FC.IVP0120B.PPO12GF50. IVP0120P B.IVF01205. IVP0120L

12)  PO114PB.IVP0120F0O.P0114B.F0114F.P0114L.PUL078.PO107F-PUL0GB. PO10SF. PU109B. POIOIF. PUI108.PO110F. POL1118
.PO1128.P01138.5P01208.1VP0120FC.1V P01 208. PPO120F50.IVF0120P B.1V P01203. 1V PO1 205

13)  BP0120PB.IVP0120FQ.BP01205.BP0120L.PP0120F50.F01075.FOIGTF. FO108B, PO108F . PO109B, PO109F. PO110B.FO110F
P0O111B.POL12B. PO113B.PO114B.IVPOIZ0FC.IVP0O120B.IVP0I20P B.IVP01205.1VPG120L

14) PPOI20FM.IVP0120F0 . PPO120F0 . FPO120F50.PP0120L. PO107E . PO10TF . POL08B. PO108F . PO1098. PO109F . FO110B. PO110F

15)  PP0120L.1VP0120FO . PP0120F0.PP0120F M. PP0120FS0.P0O107E.P0107F.P010688.PO108T . PO109B.PO109F . PO110B . POLIOF
.P01T18.P0112B8.F0113B.P01148.BP0120B.IVP¢120FC.IVPOI208. IVP01 20P B. IV P01205. IV PO1Z0L

16)  PO107PB.CT0120T.F0107B .F0107F.P0107L.P01085. PO108F.P0109B.P0109F. FO110B.PO110F.P01118.P0112B.PO113B
.F0114B.EP0120B.IVP0120FC.IVFP0120B. PP0120FS0.CTO120F

17)  P0107L.CT0120T.P0I07E.FO107F.P0107PB.PO10SB. POIGSF. PO109B. PO10OF . P0110B.PO110F.P01118.P0112E.PO113B
F01145.BPM 0B .IVP0120FC.IVP(120B.PPO120F 50 .C T0120F

18)  POI108PB.CT0120T.P0108B .POI0&F. PO108L.P0107B.PO107F. PO109B.PO109F.PO110B.P0110F. P0111B.P0112B.PO113B
.F01148.BF0120B .IVP0120FC.IVP0120B, PPOI20FS0.CT0120F

19)  P0108L.CT0120T.P0108B.PO108F.FO0I08PB.P0107B.FO107F.POI09B.PO109F.P01105.FOI10F.PO111B.F0112B.Fo1136
.F0114B.BP0120B.1VP0120FC.IVF0120B. PPOI120F S0 . C TO120F

20)  P0109PB.CT0120T.PG1098.POL0SF.P0109L.PO107B.PO107F. PO108B.PO108F. PO110B.PO110F.P011183.P0112B.P01138
.P01148. BP0120B.1VP0120FC.IVP0120B.PPO120F50 .G T0120F

21}  P0109L.CT0120T.F31055. FO109F.POI09F B.PO107B. PO107F . PO10BE. PO108F.PO110B.PO110F. PO111B.P0112B.PO113B
F0114B.BP0120B.IVP0120FC.IVP0120B.PPO120F 30 .CTOL20F

22)  PO110PB.CT0120T.POi100.PO110F.POI10L.PO1078, PO107F.P0O108B. POI0SF. P01095.FO109F. P01 118, PO112B.P01138
.P0IT4H.BF0120B.IVP0IZ0FC.IVP0120B.PPO120F50. CTOI20F

23)  P0110L.CT01207.F0110B.FC110F.FO110PB.P01078.P0107F. PC108B.PO103F. PO109E. PO100F.P01118.P0112B.P0113B
.F0114B.BP0120B.1VP0120FC.IVF01208. PPO120F 50 . C T01 20F

Table D.17: Prime implicants for partial flow at IVP0120 when low flow
is required in the ACTIVE operating mode - Table 1
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Number

Prime Implicants

24)
25)
26}
27)
28)
29)
30)
1)
32)

33)

.P0113B.P0114B.BP01208.IVP0120FC.IVF0120B.PPO120F50.CT0120F
P0112PB.CT0120T.FO112B.P0112F.FO112L.P0107E . FO107F.PO108B.PO108F .PO109B.F0109F .FG110B.PO110F.PO1I1 B
.P0113B.P0114B.EP0120B.IVF0120FC.IVP0120E.PPO126F SO .CTO120F

PO112B.P0114B.BP0120B.IVP0120FC.IVP0120B. PFU120F50.CTO120F
P0114PB.CT0120T.P0114B.P0114F.P0114L. P00, B.PO107F.F0108B . FO108F. PO109B. PUL0SF.PO1108.POL 10F. POII1 B
.P0112B.P0113B.BP0120B.IVP0120FC.IVPG120B. PPO120FSO.CTO120F

BP0120PB.CT0120T.BP0120B.BF0120L. PP0120F50.P01078.P010TF.P0108B. POI08F.P01098. PO100F . PO1105. FO110F
.P0I11E.P0112B.F01138.P0114B.IVP0120FC.IVPD120B.CT01 20F
PP0120FM.CT0120T. FP0120F0 . PP0120F 50, PP0120L.PO1078. PO107F. PO1085 . PO108F. PO1095.POLI09F. PO110B, PO110F
.F01118.P0112E.P0113B.F0114B.BP0120B.IVP0120FC. IVPU1 208. CTO120F

PP0120L.CT0120T, PPUI20FQ .F PO12GFM.PP0120F30. PO10TB, PO107F.F01085. PO108F . PO109B.P0O109F . POT 108, P01 10F
.F0111B.P0112B.F0113B.F0114B.BP0120B.IVP0120FG. IVP01208.CT0120F
IVP01208.F0107B.PO107F.P0107L.P010s5. PO10&F . PO109B. FOL09F . PO110B.PO110F .FO111B.P0112B.P01135
.PO1T4B.BP0120B.IVPO120FC.IVED120B.IVPO1 20F0.IVP0120L. PPO120FS0.C TO120F
IVPO120PB.CT0120T.FO107B.POI07F . PO107L.P0O108B. POIGRF. PO10SEB. PO109F. PO110B. POI10F.PO1115.P0111B.Pi13B
.P01145.BP0120B.IVP0120FC.IVP01208.IVPOI20F0.IVP0120L IV P01205. PPO120FS0.C T01 20F
IVPO120L.CT0120T.FOL07H . PO107F. P0O10TL.F01088. PO108F.P01095. FO109F. P0110B.PO110F . FO111B.P01128.P0113B
.P0114B.EP(120B.IVP0120FC.IVP0120B.IVP0120F 6. IVP0120P B.IVP01205. PPO120FS0.CTO120F

Table D.18: Prime implicants for partial flow at IVP0120 when low flow
is required in the ACTIVE operating mode - Table 2

Number

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12}
13)
14)
15)
16)
17)
18)

19)

Prime Implicants

PO107PB.IVP0120FQ.PP0120FO.P0101B .F0107F.P0107L.PO105E . PO108F.PO10$B. POL0SF.P01106.PO110F . POL11B.P0112B
.FO113B.P0114B . BF01208.IVFP0i20FC.IVF0120B. PP0120FS 0. IVP01203. IVP0120FB. IVP01 20L. FP0120L. PPO120F M
PO107L.IVPO120FQ.PP0O120FO. PO107E .- POI107F.P0107PB.POLOSE. POL0AF. POI0SE. PO109F . PO110B. PO110F .POL11B.PO112B
,P0113B.P0114B.BP0120B.IVP0120FC.IVFP0120B. PP0120FS0.1VP01205.IVP0120PB.IVP0120L. PPOI20L. PP0O120F M

.PO113B.P0114B.BEP01208.IVP0i20FC.IVP0120B.FP0120FS0.1VP0120S. IVF0120F B.IVP0120L. PP01 20L. PF0120F M
PO10SL.IVPO120FO.PP0120FQ. F0108B. FOI0SF . PO1CSFB.F01078 . POI07F.F0109B . FO105F. PO1108. PO110F . PO111B.FO011ZB
F0113B.P0114B BP0120B.IVP0120FC.IVP0O120B. PPOI20FSO.IVP0I26GS IVP0120PB.IVP0120L. PPO120L. PPO120F M

.P0113B.P0114B.BEP0120B.IVP0120FC.IVP0120B.PP0120FS0.IVP0205.IVP0120PB.IVP0120L.. PP0120L. PPOI20F M
PO109L.IVP0120FO. PP0120F0.F01095 . PO10SF. POI0SP B.P0107B.PO107F . PO108B. PO108F.PG1105. PO110F. PO111B. FO112E
.FO113B.P0114B.BP0120B . IVF0120FC.IVP0120B.PP0120F 0. IVF01205.IVP0120PB.IVP0120L. PP0O1 20L.. PPO120F M
P0110PB.IVP0120FO. PPO120F0.F0110B.FO110F.P0110L.PO1076. PO107F. POL08B . PO10BF. PO109B . POIGOF.PO111B.PO112B
.F01138.P01148.BP01205 . IVP0120FC.IVP0O120B. PPO120FS0Q.IVP01205.1VP0120P B.IVP0120L. PPU1 20L. PPO120F M
P0110L.TVP0120FQ.PP0120F0. PG110B. PO110F. FO110P B.PO107B.P0O107F.PO108B. POI0BF.PO109B. PO109F.PO111E.P0112B

.P0112B.P0113B.P0114B.EP0120B.IVP0120FC . IVP01208.PPO120F50.IVP01205. IVP0120P B. IVP0120L. PPO120L. PPOIZOF M
P0112PB.IVP0120FC.PPO120F0. FO112B . FO112F . P0112L.F0107B. PR10TF. POL08B . FO108F ., PO1G9B. FO109F . PO110B.POL10F
.FO111B.P0113B.FP0114B.BP0120B.IVP0120FC IVF01208.PP0120FS0.IVP01205.TVP0120P B.IVP0120L. PP0120L. PPG120F M
P0113PB.IVP0120F0Q.PP0120F0Q.P01138.PO113F.P113L F0107B. PO107TF.P0O108B.PO108F.PO109B. PO109F-PO110B. PO110F

BP0120PB.IVP0120FQ, PP320F0, BP0120B.BP0120L. PP0120FS0. PO107B, POL0TF.PO108B. PO10BF. PO1098, POL09F . PO110B
.PO110F.FO111B.P0112B.P0113B.P01148.IVP0120FC.IVP0120B.IVP01205.IVP01 20P B.IVP0120L. PPO120L. FFO120F M
PP0120FM.JVP0120FQ.PP0120F0Q.FP0120F0 . PP0O120F50.PP0120L. FO1078.P0107F. POI0EE. PO108F.PO109B. FOL109F . POL 1GB
P0104F.POL11B . P01i2E.P0113B.P0114B.BPO120E.IVPOL1 20FC.IV P0120B. TVFP01205. IVP0120PB.IVP0I 20L. PPO120L. PFO1 20FM
PP0120L.IVP0120F0. PP0120FQ.PPO120FC . PPO120F M. PPO120FS0. PO107B.PO10TF. PO105E.PO108F. P01 09B. PO10SF. PO1 108
POT10F.P0111B.F0112B.F01138.P0114B.BP0120B.IVP0120FC. IVP01208.IVP01205.IVP0120P B.IVP0120L. PP0120L. PPO120F M

.P0113B.P6114B.BP01208 JVP0120FC.IVP01208. PP0O120FS0.CT0120F . PP0O120L. FPO120FM
P0107L.CT0120T .PP0120F0Q . FOI107E .PO107F .P0107PB.F0108E.FO108F.FO109E.FO109F, POL10B.PO110F.P01115.PO1128
.POI13B.P0114B.BP01208.IVPOI 20FC.IVPO120B. PPO1 20FS0.C TOL20F . PPO120L. PPU120F M
P0108PB.CTO0120T.PP0O120F0O. POI10SE . POI0SF.PO108L. FO107E.F0107F . PO105B. PO10SF.P0110B.PG110F.PO1 11 B.PO112B
.P0113B.P0114B.BF0120B.IVP0120FC.IVFP0120B. PPO120F50.C T01 20F . PP0120L. PFO120F M
P0108L.CT0120T. PPO120F0C. FOI0SE .PO108F .FO108FB.FO107B. PO107F. PO109B.PO109F . PO110E.PO110F. PO111B.PO112E
JP01138 P0114B.BP0120B . JVP0I20FC.JVP0120B .PP0120FS0.CT0120F .P POI120L. PPO120FM

Table D.19: Prime implicants for partial flow at IVP0120 when low flow
is required in the DORMANT operating mode - Table 1
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Number Prime Implicants

20y  PG109PB.CT0120T.PP0120FC.FO109B.PO10SF.FO109L. PO107B.FO10TF. P0Oi08B. PO10&8F.PO110B.PGI10F.P0111B.F0112B
.FO113B.P0114B.BPOI20B.IVP0126FC.1VP0120B. FP0120F50.CT0120F . PPO120L. PPO120F M

21}  P0109L.CTO120T.PP0120FO.P0109E.PO109F .FO109PB.P01078.PO107F.PO10AB. POL08F.P(110B.P0110F.PO111B.POI12E
.F01138.P0114B.BD0120B.IVP0I20FC.IVPU120B.PPO120F50.CTO120F . PPO120L. PPO120F M

22)  PO110PB.CT0120T.PP0120F0Q.F0O110B.POI10F.PO110L. FO107B.POI07F. PO108B. PGI0SF FO1098.P0109F. PO111B. PO1128
FPOI13B.P0114B.BP0120B.IVP0120FC.IVP0120B. PPO120F50.CT01 20F . PPO120L. PPO120F M

23)  PO110L.CT0120T.PP0120FO . F0110B.PO110F.PO110PB.FOI07B.P0107F. PO108E . PO108F.PG1095.FO109F. P01 11B.PO112EB
.FU113E .P0114B.BP0120B.IVP0120FC.IVPD120B . PPOL20FS0.CT0120F .PP0120L. PPGI20F M

24}  P011}PB.CT0120T.PPC120FQ.P0111B.PO111F.P0111L.PO107B.PO107F.POI108B. PO108F.P01098.PO109F.PO110B. POI10F
.F0106B.F0113B.P0114B.BF0120B.1VP0120FC.1VP01208. PF0120F5G0.C TO120F . PP0120L. PPO120FM

25)  PO112PB.CT0120T.PP0120FQ.F01128.PO112F.PO112L.POL07E. PO107F.PO1088.POL10BF . POIGJE. PO10OF.PO110B.PO110F
.P0105B.P0113B.P01145.BP0120B.IVP0120FC.IVFO120B. PPO120F50.CT0120F . PPC120L. PPOI120FM

26) PO113PB.CT0120T.PPO120FQ.F01138.PO113F.P0O113L. POI0TB.POI07F. POL0AE. POL108F.EO109E. PO100F. FO110B. POLLOF

27)  PO114PB.CT0120T.PPO120F0.P0114B.P0114F.P0114L.PO107B.P0107F.PO108E. POL0BF.PO109B. FO100F . PG110B . PO110F
P0105B.F0112B .F01135.BP0120B .IVP0O120FC.IVPO1208. PP0O120FS0.CT0120F . PPO120L. FPO120F M

28)  BP0120PB.CT0120T.PP0120FOQ.BP0120B.BP0120L. PPO120FS0.P01078.PO107F.P0O108B. PO108F. POL09B. PO10SF.FU110B
.P0110F.F01118.F0112B.P01138.P0114B.IVP0120FC.IVP0120B.C T0120F . FP0120L PPOI20F M

28)  PPO0120FM.CT0120T.PP0120F0.PP0120F0 .PP0120F50. PPO120L. PO107B.P0107F.POI08B. PO10BF.PO100E. POL09F. PO110B

30) PP0120L.CT0120T.PP0120FO . PP0OI120F0 .PPG120F M.PP0120FS0Q .F0107B.PO107F.PO108B . FO108F.P0109B.PO10SF.PO110B
.POI10F.PO111B.P01128.P01138, P01148.BP01208.1VPD120FC.1VP0120B.CT0120F . PPO120L. PPOI1Z20FM

31) IVP01205.PPC120FC.FOI107B.PO107F.PO108B. PO105F.PO109E. PO109F. P0O1108. PO110F.P0111B.P0112B. FO113B
.P01148.BP0120B.IVPOI20FC.IVP01208.IVP0120FO.IVP0120L. IVP01 20PB. PPO120FS0.CT0120F . PPO120L. FPO120F M

32} IVP0120PB.CT0120T.PP0120F0.PO107B . FO107F.PC108B.PO108F.PO109E . PO109F. POI10B.PO110F.PO111B.P0112B.PO113B
.Fi1148.BP0120B.IVP0120FC.IVP(120B8.IVP01 Z0FO .1V P(1 20L. 1V P01 203 PPQ120F50.CT0120F .PPO1 20L . PPO120F M

33) IVP0120L.CT0120T.PP0O120FO . F0107B.P0107F.POL0SE. PO10SF.PO109B. PO10SF. P0110B. PO110F.P0111 5. P0112B.F01138
.P0114B.BP0120B.IVP0120FC . IV PO120B .1V PO120FQ. IV PO120P B.IVP01208, FPP0120F 50, CT0120F. PP0120L. PPOI20F M

Table D.20: Prime implicants for partial flow at IVP0120 when low flow
is required in the DORMANT operating mode - Table 2

D.1.11 High Flow on Main Outflow Line

HFOUTFLOWF = {P0101B.POI0IF.PO101FB. F0101L.P01025.FO102F.F0102PB.P0102L. FO103B
.P0103F.P0103FB.P0103L.FG104B. POI04F.PO104PB.FPO104L. FO105B.PO105PE
.P0106B.F0106PB.PO1138.P0113PB.P0114B.P0114PB.FPOI10FS0.PPO1I0FM
_PP0110L. BPO110B.BPO110PE.(IVP0110FQ.IVP0I 10FC.IVPO110B.IVP01 103
JIVPOL10PB.IVPOII0L + CT0110T.CTO110F.IVP0O110FC.IVP0110B.TVP0110S
IVPO0110PB.IVP0110L).(ACTIVE. DORMANT + DORMANT.PPO110FO.ACTIVE)}
+{P0107B.P0107F.P0107PB.P0107L.P0108B. PO105F.FO108PB. PO1RL. FO1088
P0O109F.P0109PB .P0O109L. P0110B . P0110F.PO110PE.PO110L. PO111B.POI111PB
.P0112B.P0112PB.P0113B.P0113PB.P0114B.P0114PE. PP01 20F50. PPO120FM
.PP0120L.BP0120B.BP0I20PB.(IVP0120F0. IVPO120FC. IVP0120B.IVP01205
IVP0120PB.IVP0I20L + CT0120T.CT0120F. IVP0120FC.IVP0O120B. IVP01205
JIVP0I20PB.IVPO120L).(ACTIVE DORMANT 4+ DORMANT.PP0I20FO. ACTIVE)}
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Fault and Success Trees for the Fuel Rig when ACTIVE or DORMANT

Fault Trees

Number Prime Implicants

1)  IVP0110FQ.IVP0O110FC.IVPGII0B. 1VPO110P B, IVPO1105.TVP0110L.FO10i B, PO10IF. PO10TFB
.P0101L.P0102B.P0102F.P0102PB.P0102L.P0103B.P0103F. PO103PB.FO103L.P01048 . PO104F
.P0104PB.F0104L.F0O1055. PO106F.PO105F B.PO105L. PO1065. PO106F. FO106P B. PO106L.PO113E.
.POT13F.P0113PB.P0113L.F0114B.P0114PB.PPO110FS0.PFO110FM. PPO110L. EF0110E
.BP0110PB.BPO110L

2)  CTO110T.IVFOL10FC.IVP0110B.1vP0110PB.IVP01103.1VP0110L. F0101E.FO101F.PO101F B
.P0101L.P0102B.P0102F.PC102PB.PO102L.P0103E. PO103F. PO103FP B. P0O103L. POL04B. PO104F
.P0104aPB.F0104L.P0O10GB.PO105F.PO105 PB. PO105L. PO106B . PO106F. FO106FP B.PO106L.FO113B
.FOI13F.P0113PB.P0113L.F0114B.P0114PB.PPO110FS0O.PPOI10FM.PPO110L. BPO110B
.BP0110PE.EP0110L.CTO110F

3) IVP0120FQ.IVFOIZGFG. IVPO120B IVP0120PH.IVP01205.TVP0120L.PULG7B-PO107F.PUI07 P B
.P0107L. PO108B.POT0SF.PO10SPB.PO10BL.FO109E.PO109F . FO109P 5. PO10SL. PO110B. FO110F
.P0110FB.P0110L.FO1118.P0111F.PO111PB.PO111L.P01126.P0112F.P0112P B.PO112L.FO113B
.POT13F.PO113PE.P0O113L.P0114B.P0114PB.PP0120F50.FPO120FM.PPG120L. BP0120B
BP0120PB.BF0IZ0L

4)  CT0120T.IVPO120FC.IVP0120B.IVP0120PE.IVP01205 IVP0120L.PO107B. PO107F.FO107PB
P0107L.P0I088. PO108F.P0108F B, FO108L. POL109E. PO10SF . FOL0OP B. FO109L. PO110B. POT 10F
.P0110FPB.P0110L.PO111B.PO111F.PO111PB.P0O111L.P0112B.P0112F.P0112PB.PO112L.PO113B
.FO113F.F0113PB.FP0113L.P0114B.P01 14PB.FP0120FS0.PP0120F M. PP0120L. BP0120B
.BP0120PE.BP0120L.C1T0120F

Table D.21: Prime implicants for high flow on the main outflow line

when low flow is required in the ACTIVE operating mode

Number  Prime Implicants

1}  IVPO110FO.PPO0110FQ.IVPOI10FC.IVPO110B. IVP0110PB.IVP0110S.1VP0110L.P0101B.FO101 F.P0O101PB
.PO101L.F01028.F010ZF.F0102PB. P4I02L. PO103B. FO103F . PO103PB.PO103L. POI04B.FO104F
.FO104FB.P0104L.F01058.PO105F. PO10G P B.PO105L. PO1068. PO106F . POL0GPB.POI06L. PO113B
PO113F.F0113FB.PO113L.P0114B.P0114PB.FP0110FS0O.PPOI10FM.PPOI10L. BP0110B. PPGIIOFSO
FP0110FM.PP0L10L.BEP0110FPB.BPG1I0L

2)  CTOl10T.PP0O110FQ.IVPOLIOFCG.IVPO110B. IVPD110PB.IVPOI110S8.1VP0110L.P0101 B.FOIO1F. PO10IP B
.P0101L.F01025.F0102F.P0102PB.P0102L.F0103B.F0103F.PO103P B. PO103L_F0104B.PO104F
.P0104FB.PG104L.FO106B.PO105F. POL10GPB. PO106 L, PO106 1. FO10GF . POIOGF B.PO106L. P0O113B
.PO113F.P0113PB.FO113L.P0114B.P0114FB. PPO110F50.PPO110FM. PPOI1OL. BPO110B
.BP0110PB.BP0110L.CT0110F .FP0110FS0.PPOI10FM.FPPO110L

3) IVP0120F0. PP0120F0.IVP0120FG . IV P0120B.IVP0120P B.IVP0I205.IVP0120L.P0107B.FO107F. FO107PB
.P0107L.P0108B.PO108F.P0108PB.P(10SL.FO109B.PO109F . FPO109PB. PO10SL.PO110B.FO110F

.PO113F.P0113P5.F0113L.P0114B.F0114F B. PP0120FS0 . PP0120F M. PP0120L.BP01208
EF0120FB.BP0120L.PPG120F50. FPO120FM.FF0120L

4)  CTO120T.PP0120FOQ.IVP0120FC.IVP)1208 . IVP0120PB. IVF01208.1VFP0120L.PO107B.POLOTF. POL0OTP B
.P0107L.P0105B. P0103F.PO108PB.P0108L. PO109B.F0109F. PO10SPB.F0109L.PO110B.FO110F
.FOII0PB.FO110L.FO1118.POL11F.POI11PE. PO111L. PO112B.P0112F . POL12P B.P0112L. PO1138
.P0O113F.P0113FB.F0113L.P0114B.F0114FB.PP0G120FS0 . PPG120F M. PP0120L.BF01208
EF0120FB.BP0120L,CT0120F .FP0120F50.PPO120F M, PPO120L

Table D.22: Prime implicants for high flow on the main outflow line
when in the DORMANT operating mode
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Foult and Success Trees for the Fuel Rig when ACTIVE or DORMANT

Fault Trees

D.1.12 Low Flow on Main OQutflow Line

LFOUTFLOW = P0113B.P0113F.P0113PB.P0113L + P0113F.P0113B.P0113PB.PO113L
+P0114B.P0114F.P0114PB.P0114L 4 P0114F.P0114B.P0114PB.P0O114L
+(P0101B.P010¢1F.PO101PB.PO101L + PO101F.PG101B.PO101PB.PO101L
+P0102B.P0102F . P0O102PB.P0102L + P0102F.P(102B.P0102PB.P0O102L
+P0103B.PO163F.PO1G3PB. P0103L + P0103F.P0103B.P0103PB.PO103L
+P0104B.P0104F.P0104PB.P0104L, 4+ P0104F.P0104B.P0104PB. PO104L
+P0105B.POL05F .PO105FB.PO105L, + PO105F.PO105E. PO10SPE . PO105L,
+P0106B.P0106F . P0106PB.P0106L + P0106F.P0106B.P0106PB.PO106L
+IVPO110FC.IVPO110FO.IVP0110B.IVPO1105.IVP0110PB.IVP01101,
+IVP0110B.IVP0110FQ.IVPO110FC.IVP0110S.IVPG110PB.IVPO110L
+CT0110F.CTOL10T . IVPO110FO.IVP0110S 4+ BP0110B.BPO110PB.BP)110L
+PP0110FSO.PPO110FM.FPP0110L).(PO107B.PO107F.PO107PB.PO107TL
+P0107F.P0107B.P0107PB.PO1Q7L + P0O108SB.PO108F .P0108PB .PO108L
+P0108F.P0108B.P0108PB.PO10SL 4 P0109B.P0109F.PO109PE . P0109L
+P0109F.PO109B.P0109PB.PO109L + P0110B.P0110F.P0110PB.PO110L
+P0110F.PO110B.P0O110PB.P0O110L + PO111B.PO105F.P0111PB.PO111L
+PC111F.P0105B.P0111PB.PO111L + P0O112B.P(112F.PO112PB. PO112L
+P0112F. P0112B.P0112P B.P0112L + PP0120FSO.PP0120FM.PP0O120L
+IVP0120FC.IVP0120FO.IVP0120B.1VP0120S.1VP0120PB.IVP0120L
+IVP0120B.IVPO120FO.IVPO120FC.IVP0120S.IVP0120PB.1VPO120L
+CT0120F.CT0120T.1VP0120FQ.IVP0120S + BP0120B.BP9120PB.BP(0120L}

Number Prime Implicants

1) P0113B.P0113F.PO113FB.PO113L

2) P0113F.P0113B.F0113PB.F0113L

3) P0114B.P0114F.P0114PB.P0114L

OR

1}  P0101B.F0101F.POIGiPB.FOI0IL 1)  P0107B.POLO7F.POL07PB.PO10TL

2) POL01F.P0101B.FOI01PB.POI0IL 2)  P0107F.F0107B.P0107PB.PO107L

3) PP0110FSO.PPOIIOFO.FPOIIOFM 3) PPO120FSO.PP0120FQ.PPO1Z0FM
.PP0110L .PP0I20L

4)  P0102B.F0102F.P0102PB.P0102L AND 4)  P0108B.PO108F.PO108PB.POi0&L

5}  P0OLl02F.P0102E.P0O10ZPB.P0102L 6)  P0108F.P01085.PO108PB.POIOSL

6) P0l03B.POi0aF.POI03PB.POi0SL 6) P0109B.FOI09F.PG1GOPB . POI09L

7y  PO103F.P01038.P0103PB.P0O103L 7)  P0109F.P0109B.PO109PBE.POI0AL

8) IVPO110B.IVPOIIOFC.IVPO110FO.IVPOIIOPE 8) IVP0120B.IVPOIZ0FC.IVPO120F0.1VE0120PB
JIVP01105.IVPOLIL0L .WPo1205.IVPOIZOL

9) IVPOL10FC.IVPOLIGE.IVPO110FO.IVPOI10PB 9)  IVP0120FC.IVP0i20B.IVP0120F0.IVF0120PB
IVP01108.IVPOI10L TVP01205.IVEOI20L

10)  CTO110F.IVPG1I0FC. IVP01108.CT0110T 10) CTO0120F.IVPO120FO.IVP0120S.CTOL20T

11)  Po0104B.P0104F.P0104PB.PO104L 11)  P0110B.POI10F.POI110PE.PO110L

12)  PO104F.F0104B.P0104PB.PO104L 12) P0110F.P0110B.F0O110PE.PO110L

13)  P0105B.PO105F.PO10SPB.PO105L 13)  P0111B.POI11F.PO111PB.FOI11L

14)  P0105F.FO105B.PO105PB.FO105L 14)  PO111F.FO111B.P0111PB.FO111L

15) BP0110B.BP0110PB.BPOII0L 15) BP0120B.BP0120PB.BF0120L

16)  P0106B.P0106F.P0106PB.POI0GL 16) P0112B.POI12F.PO112PB.PO112L,

17)  POl06F.F01068.P0106PB.FOI0GL 17) P0112F.P0112B.P0112PB.POI12L

Table D.23: Prime implicants for low flow on the outflow line

when flow is required in the ACTIVE operating mode
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Foult and Success Trees for the Fuel Rig when ACTIVE or DORMANT

Fault Trees

D.1.13 Partial Flow on Outflow Line when Flow is Required

PFOUTFLOWF = ((PO101EP0101F.P0102B.P0102F.P0103B.P0103F.P0104B.P0104F.PO105B.PO105F.PO106B

.P0106F.F0113B.P0113F.P0114B.BP0110B.IVP0110FC.IVP0110B.CT0110F. PP0O110FSO

+P0107BP0107F.P0108B. PO10SF.PO109B.PO109F. PO110B. PO110F.P0111B.PO111F.P0112B

+.P0112F.P0113B.P0113F.P0114B.BP0120B.IVP0120FC.IVP0120B,.CT0120F . PPG120F50)

.(P0113PB.P0113L + P0113L,.POI13PB + P0114PB.POI14L))
+(P0101B.PO1GIF.PO101PE.PO101L + P0101F.PO101B.PO101PB.PO101L
+P0102B.P0102F. P0102PB. P0102L + P0102F.P0102B.P0102PB. P0O1021
+P0103B. P0103F.PO103PB. PO103L 4 P0103F.PO103B.P0i03PB.P0103T
+P0104B.P0104F.PUI104PB.POI04L 4 P0104F.P0104B.P0104PB.POI04L
+P01058.POI0OSF. PO10SPB.P0106L + PO105F.PO10SB. PO105PB.PO105L
+P0106B.PO106F.PO106PE. PO106L + P0106F.P01068. PO106PB.PO106L

+IVPO110FC.IVP0110FQ. IVPOI10B.IVP01105.IVPOL10PB.IVPOL10L
+IVP0110B IVP0110FO.JVPOII0FC.IVPO1103.IVPO110PB .IVPOL10L
+CT0110F.CT0110T.IVP0116FQ.IVP0110S + BP0110B.EP0110PB.BP0110L

+PP0110FSO.PP0110FM.PP0110L)

(P0107BPOL07F.PO108B.PO108F. PO109B.PO109F .PO110B.P0110F.P0111B. PO111F.P0112B

+.P0112F.P0113B.P0113F.P0114B.BP0120B.IVP0120FC.IVP0120B.CT0120F . PP0120F50)

.(P0107FB.P010OTL + P0107L.P0O107PB + P0108PB.P010SL + P0108L.P0108PB
+P0109PB.PO109L + PQ109L.PO10SPR + P0O110PB.PO110L + P0110L.PO110PB
+P0111PB.P0111L + P0111L.PO111PBP0112PB.P0112L + P0112L.P0112PB

+IVP0120PB.IVP0120FQ.IVP01205.1VP0120L + IVP0120S. IVP0120FO . IVP0120PB.IVP0120L
+IVP0120L.IVP0120F0.IVP0120PB.IVP01205 + BP0120PB.BP0120L + BP0120L.BPO120PB

+PP0120L.PPO120FM + PP0O120FM.PP0120L.PP0O120FO)

.(P0107B.PO107F.PO107PB.PO107L + P0107F.PO107B.P0107PB.PO107L
+P0108B.PC010F.P0108PB.P010SL + P0108F.P0108B.PO108PB.POi03L
+P0105B.P0100F.PO10%PB. P0109L - PO109F.F0100B.POI0OPB.PO10ST
+P0110B.PO110F.PO110PE.POTIOL + P0110F.PO116B.PO110PB.POT04L
+P0111B.P0111F .PO111PB.POI05L 4 P010sF.P0111B. F0111PB PO105L
+P0106B.P0112F PO112PE.PO106L 4 P0106F.P0O112E.P0112PB.POI06L

+IVP0120FC.IVP0120FO.IVP0120B.IVP0120S.IVP0120PB.IVP0120L

+IVP0120B.IVP0120FO.1IVP0120FC.IVP01205.IVP0120PB.IVP0120L
+CT0120F.CT0120T.IVP0120FO.1VP0120S + BP0120B.BPO110PB.BPO110L

+PP0120FSO.PP0120FM.PP0120L)

.(P0101B.P0101F.P0102B.P0102F.P0103B.P0103F . P0104B.P0104F . PO105B. PO105F.PO106B

.{(P0101PB.P0101L + P0101L.P0101PB + P0102PB.PO102L + P0102L.PO102PB
+P0103PB.P0103L + P0103L.POI03PB + P0104PB.P0104L + P0104L.POI04PB
+P0105PB.P0105L + P0O105L.PO105PBP0106PB.P0106L + P0106L.POL06PB

+IVP0110PB.IVP0110FO.IVPO110S.IVPOL10L + IVP0110S.IVP0110FO.IVPO110PB.IVP01 10L
+IVP0110L.IVP0110FO.IVP0110PB.IVP0110S 4+ BP0110PE.BP0110L + BPO110L.BP0110PB

+PP0110L.PP0110FO.PP0110FM + PP0110FM.PP0110L.PPO110FO))
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Foult and Success Trees for the Fuel Rig when ACTIVE or DORMANT

Fault Trees

Number Prime Implicants
1) P0113PB.P0113B.P0113F.PO113L
2) P0113L.F0113B.P0113F.FO113PB
3) P0114PB.PO114B.Fo114F.FO114L
AND
P0101B.P0101F.P0102B.FP0102F.P0103B.PO103F . P0104B. PG104F FO105B. PO105F PO1068. POLOGF. P0113B, POL13F P0114B
.BP01108.IVPO110FC.IVP0110B.CTOL10F.PP0110FS0.P01075. PO107F. P0108B.P0108F. P0109B.PO109F . P01 10B.FO1 10F
.PO111B.PO111FP0112B.F0112F.BP0120B.IVP0120FC.IVPG120B. CT0120F .PPOIZ20F SO
OR
1)  P0101B.PO101F.P0101PBE.FOI0IL 1)  PO107PB.F01078.PJi07F.POL0OTL
2)  P0101F.F010iE.PGIOIPE.FO101L 2)  P0107L.F0107B.POI107F.F0107PB
3) PP0110FSO.FPOII0FO.PPOTI0F M 3) PP0120FM.PFOI20F0.PPOLZ0FS0
FPPOII0L .PF01z20L
4} P0102B.P0102F.PO102PB.P0102L AND 4) PO10SPB.P(108B.FO108F.PO108L
5) P0102F.P0i102B.P0102PB.PO102L 5)  P0108L.F0108B.POI0SF .FOI08FB
6) P0103B.P0103F.P0103PE.POI103L 6) P0109PB.F0109B.FO109F.PO109L
7}  P0103F,FOL02E.FU103FB.POL0GL, 7)  PO0109L.F01095.PO109F.POI0OPE
8} IVP0110B.IVPOILOFC IVPOI10FO.IVPOLIOPB 8) IVP0I20PB.IVPO120FC.IVPO120FO
IVPoii08.IVPO1I0L .IVP0120B.IVF01205.1VP0120L
9) IVPO110FC.IVP0110B.IVFO110FO.IVPDI10PB 9)  IVP01208.IVPO120B.IVF(120FO
IVP01108.IVFO110L .IVP0120PB.IVP0120FC.IVP0120L
10) CToO110F.IVP0110FQ.IVF0L105.CTO110T 10)  IVPO120L.IVPO120FQ
JIVP01208. IVPI120FC. IVPOI 20B.IVP0120PB
11)  P0104B.F0104F.P0104PB.FOIGAL 11) POl10PB.PO110E.FO110F.PO110L
12}  P0104F.F0104B.P0104PB.POIOAL 12) P0110L.P01105.POLI0F.PO11 0P
13)  P0105B.FPOI05F.P0105PB.POIO5L 12}  POl11PB.P0111B.PO111F.POL1IL
14)  PQ105F.PO105B.F0106PB.POL0GL 14) PO111L.POI1iB.POI11F.POI111FB
15) BP0110B.BPFOI10PB.BPOII0OL 15) BP0120PB.BP0120B.EF31200
16) P0106B.POI0GF.POL0GPB.PO106L 16) P0112PB.P0112B.POI12F.PO112L
17)  P0106F.P0106B.P0106P°B.PCI0GL 17) PO112L.POI12B.PDI12F.FOL1ZPE
18)  PPO120L.FPOI20FO.PF0120FSO
.FPO120FM
19) BP0120L.BP0120B.BFO1Z0L
‘ AND
.PD113B.P0113F.P0114B.P0107B.P0107F.PO108B. POL0SF. P0109E . PO10SF . PO110B.PO110F.P01118.PO111F.P0O112B.PO112F
.BP0120B.IVP0120FC.IVF01208.C10120F.PPO120F50
OR
1)  P0107B.POI07F.P0107PB.PO107L 1) P0101PB.P0101B.FOIGIF.POL0LL
2)  P0107F.FO107B.F0107PB.POIOTL 2) P0101L.P01015.P0I01F.PO10IPB
3)  PP0120FSOQ.PP0OI20F0.PPO120FM 3) PP0110FM.PPOI10FC.PPO110FSO
FPo1z0L FPo11oL
4) P0108B.PG108F.F0108PB.F0I108L AND 4) P0102PB.P0102B.POI0ZF.POI0ZL
5) P0108F.FOl08E.F0I108PB.POI10SL 5) P0l102L.F01025.POI0ZF.POI0ZPB
6) P0109B.FO109F.PO10SPB.PO109L 6) P0103PB.P0i03E.PO103F.PO103L
7)  P0109F.F0109B.F0109P B.FO109L 7)  P0103L.F0103B.PGI03F.PO103PE
8) IVP0120B.IVF0120FC.IVP0120r0.IVP0120PB 8) IVPQI10PB.IVPOIIOFC.IVPOI10FO
IVP01203.IVP0120L JIVFPOI10B.IVP01105.IVFO110L
8) IVP0120FC.IVPOI20B.IVPOIZ0FO.IVPOL2GPR 9) IVPO1108.IVFO110B.IVPO110FQ
JIVP0120S.IVP0120L JIVPOI10PB.IVPOII0FC.IVPOLI0L
10)  CTe120F.IVP0120FO.IVPD1205.CT0120T 10)  IVPO110L.IVPOIL0OFC
IVPOI108.IVPOL10FC.IVPO0110B.IVPO110P B
11)  P0110B.PU110F.PO110PB.FOII0L 11)  P0104PB.P0104B.P0OI104F.PO104L
12) P0110F.FO110B.PO110PE.POL10L 12)  P0104L.F0104B.PU104F.PO10APE
13)  P0111B.PO111F.FGI11FB.FOIIIL 13) P010SPB.P0OIOSE.PO105F.POIOSL
14)  PO111F.FOI11B.PG111PB.PO1IIL 14)  P0105L.P0105B.POI0GF.POIOGFB
15) BP0120B.BP0120FB.BP0120L 15) BPO110PB.BP0110B.BF0110L
18) P0112B,PO112F.PO112PB.PO112L 16)  P0106PB.P01068.POIGGF.PO106L
17)  P0112F.P0112B.P0112PB.PO112L 17)  P0l06L.PO106B.PO106F.PO106PB
18)  PPO110L.PPO110FO.PPOI10FS0
PPOTI0FM
19) BP0110L,BPGI10B.BPO110L
AND

.BP0OI108.IVP0110FC.IVP0110B.CT0110F.PPO110F S0

Table D.24: Prime implicants for partial flow on the outflow line

when flow is required in the ACTIVE operating mode

266



Fault and Success Trees for the Fuel Rig when ACTIVE or DORMANT Fault Trees

D.1.14 Partial Flow on Outflow Line when Low Flow is required

PFOUTLF

= P0101B.P0I0LF.P0102B.PG102F. F0103B. P0103F. P0104B.P0104F. P0105B . POI0SF.P0O106B. PO106F
.P0113B.P0113F.P0114B.EP0110B.IVPO110FC.IVP0110B.PP01 10FSC.CTO110F. PPO110FS0
[((IVP01108.IVPO110FO.IVPO110PB.IVPOLIOL + IVPO110FO.TVP01108.IVP0I10P B.IVP0110L
{P0113PB.P0113L + P0113L.PO1I3PE + P0114PB.P0114L + P0O101PB.FO10IL + P0101L.FOI0IFB
+P0102PR.P0102L + P01021, PO102PB + P0103PB.PO103L + PO103L.FOI03FB + PO104PB. F0104L,
+P0104L.P0104PB + P0105PB.P0105L + P0105L.PO105PB + PO106PB.PO106L
+P0106L.P010SPB + BP0110PB.BP0I10L + BP0110L.BPOI10PB)). (ACTIVE.DORMANT
+DORMANT.PP0110FO.ACTIVE.PPO110FM.PPOI10L))
+P0107B.P0107F.P0108B.PO10SF. POI109E. PO109F . P0110B. POI10F.PO1118.POIL1F. P0112B. POI12F
.P0O113B.P0113F.P0114B.BP0120B.IVP0120FC.IVP0120B. PP0120FS0O.CT0120F. PPOI20FS0O
-((TVP01208. IVP0120FO.IVPOIZ0PB.IVP(I20L + IVP0120FQ.IVP01205. IVP0120PB.IVP0120L
.(P0113PB.P0113L + P0114PB.PO114L + P0107PB.PO107L + P0108PB. PO10SL + PO109PB.POI0SL
+P0110PE.POI10L + PO111PB.FO111T, + P0112PB.POI12L + BP0120PB.BP0120L)). (ACTIVE. DORMANT
+DORMANT.PP0120FO. ACTIVE.PP0120FM.FPO120L))

Numbker

Prime Implicants

1)
2)
3)
1)
5)
6)
7}
8}
9)
10)
11)
12)
13)
14)
15)
16)
17)
18}
19)

20)

P0113L.IVP(}110FOQ.FO1138.F3113F.PO113P B.POI0IB.PO101F.P0102B. P0102ZF . PO103B . PO103F. PO104B. POL104F . PG105B
.PO105F.PO106B.POI06F.P0114B.BP0110B.IVPO110FC.IVPO110B.PPOI10FS0.CTO110F.IVPO1105.1VPO1 10PE.IVE0110L
PO114PB.IVP0O110F0.P0114B . PO114F.P0114L..FO101B. PO101 F.P0102B . FOI02F. P0103B. POL03F . PO1048. PO104F. PO105B
.FOT05F.PO106B.POL0GF. PO113B.PO113F.EP0110B.IVPO110FC.IVPOL10B. FPO110F50.CTO110F . IVPO1105. 1V P01 10P8.IVPOL 101,
P0101PB.IVP0110FQ.P0101B.FO101F.P0101 L. PO102B . FO102F . PO103B . POI03F. PO104B. PO10AF. P01 058. POI05F. POLOGE
.PG106F.PO113B.POI13F.PO114B.EP01108.IVP0110FC.IVP0110B. PP0110FSO.CT01 10F.IVF01105.IVPOI 10P B.IVPO110L
P0101L.1VP0110FQ. POI01B. PGI01F. PO101PB.P01028.F0102F . PO103E . POIG3F. PO104E.P0104F .FO105B. PO10O5F .PO106 B
.P0106F.P0113B.P0113F.P0114B.BF0110B.IVPO110FC. IVP0110B.PPO110FS0.CTO01 10F.IVP01105. IVPO110PB.IVP0110L

.PO106F.P0113B.P0113F.PO114B.BEP0110B.IVPOI10FC .IVP0110B .PPO110FS0O.CT0110F .IVP01105 IVPO110PB.IVPO1 101
PO102L.IVP0110FO. POI02B. P0102F.P0102P B.PG101B . PO101F. PO103B. P0103F . PO104E . FO104F.P01055. P01 05F. PO1 06 B
.P010BF.P0113B.P0113F.P0114B.BP0110B.TVFP0i 10FC.IVPO1106. PPO110FS0.CTC110F .IVP01105.1VP0110PB.IVPO110L

.POL(BF.FO113B.P0113F.P0114B.BF0110B.IVPOI10FC.IVP0110B.PFO110F50.CTOL10F .IVF(1105.1VPOL10PB.IVF011 0L
Po10SPB.IVP0110F0.POI0EB . FOI05F. PO105L.FO101B . FO101F.FG102E . PO102F . PO103B. FO103F. PO104B. P0104F . PO106B

P0105L.IVP0110FQ. PO105E . PO105F.PO105PB.PO101B. PO101 F.PO102B . PO102F. PO103B.PO103F . PO104B. PO104F . POLG6 B
P0106F.P0113B.P0113F.P0114B.BP0110E.IVPOI10FC. IVP0110B. PPO110FSO.CTOL10F .IVP01105.1VPO110PB.IVPOI 0L
PO106PB.IVP0110FO. PO106B . PO106F . FO106L.P0O101 B, PO101F . FO102B.F0102F.P0103E . POI03F. PO104B.PO104F. PO105B
.POI05F.PO113B.PO113F.P0G114B.BP0110B.1VPOI10FC.IVP0110B.PPO110FS0.CT0110F.IVP01108.IVPO110PB.IVED110L
P0106L.IVP0110FQ.FO106B.FO106F. PO106P B.PO101B. POL01F.P0102E . POI02ZF. P0103B . PO103F. PO1045. PO104F.PO105 B
.PO10BF.PO113B.P0113F.P0114B.BF0110B.IVPOI10FC.IVP(110B.PPO110FS0.CTOL10F .IVF01105.1VPO110PB.IVE0I10L

.P0103F.P0104B.P0104F.POI105B.PO105F . PO106B.PO106F.P01168 . PO113F . P0114B.BPOI10B.PPO110FSO.CTOI10F
BP0110PB.IVFP0110FO.BEF0110B .BEP0110L. PPO11GFS0O.FO101B . POI01F.F0102B.P0102F.PO103B.P0103F.F0104B. POIG4AF

BP0110L.JVP0110FO.BP0116B. BPO110PE.PP0110FS0.PO1GIB.PO101F.PO1028. POI02F.PG103E . PO103F . POL04B . POI04F
.P0105B.FO105F .P0106B.FO106F.PO113B.POI13F PO114B.1VPUL10FC. IVPO110B. CT0110F .IVF01105.IVP0110PB.IVP01 10L
PP0110FM.IVP0110FO.PPO110FO . PPO110FSO.PPOL10L. F0101B.PO101F . FO1028. PO102F.P01038,. PO103F.PO104B. PO104F
.FP0i106B.POLO5SF.P01068. POL0SF. P01138.POL13F.P0114B.BP(110B.IVPO110FC.IVP0110B.CT0110F.IVP01105.IVPOL1 OPB.IVPOI 10L
PPO110L.IVP0110FQ.PPOL10F0.FPO110FM.PPOII0FSC.PO101 B.FO101F. PO1028. PO10ZF.PO103B . PU103F.PO104B . PO104F
.P0I05B.PO105T.PO106B.PO106F.PO113E . POI13F.PO114B.BP0110B.IVP0110FG . IVPO110B.C T0110F IVP01105.JVPO1 10PB.IVPOI 10L

Table D.25: Prime implicants for partial flow on the outflow line when

low flow is required in the ACTIVE operating mode - Table 1
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Number Prime Implicants

21)  PO113PB.IVPO120FQ.PO113E.P(113F.P0113L.F0107B.POL07F.PQ108B.PO108F.PO109B.PG109F .PO110B.POI10F .POL11B
.PO111F.P0I12B.P0112F.P0114B.BP0120B.IVP0120FC.IVP01208. PP0120F50.CTC120F.IVE01205. IVPD120PB.IVPO1 201
22)  PO113L.IVP0120FQ.P0112B.F0113F.P0113PB.PO107D.F0107F. P0O108E. FOI08F. P01095. PO109F.PO110B. P01 10F .PO1116
PCI11F.P0112E.FO112F.PO114B.BP0120E . IVP0I20FC. IVP01 208 . P01 20F50.CT0120F . IVP 01205 . IVP0120P B.IVP0120L
23}  PO114PB.IVP0120FQ.F0114B.PG114F.P0114L.PO107B. POL07F.P0108E . POI0AF. PO109B. POIGOF. FO110B.PO110F.PO111B
POI11F.POI12B.PO112F.P0113E.PO113F. BP01208.1V PO120FC.IVP01208.PP0O120F S0 . IVP01203. VP01 20P B.IVP0120L
24)  POIO7PB.IVPO0120FQ.POIG7B.FO107F. PO107L. PO108B. PO103F. P0109B. FO109F. FO1108. FO110F . PO111B.POL111F.PO1128
PO11ZF.PO113E . FO113F.P0114B.BP01208.IVP0120FC. IVP01208 . PP0120FS0.CT0120F . IVP01203.IVP0120P B.IVPOI20L
25)  PO10TL.IVP0120F0.F0107B.PO107F.P0107PB.FO1088. PO10BF.PO10013. PO109F. P0110B, POI110F. PO111B.POI11F. PO112B
.PO112F.P0113E.F0113F.POL14E. BF0120B.IVP(120FC. IV P01208. PPO1 20F50.CT0120F.IVP(1205.1VP(120PB.IVP0O120L
26)  PO108PB.IVPO0120FO.PO108E .PU108F.POI0SL. PO107E.PO107F.PO10SE. PO105F . PO109B. PO10OF.PC111B.POI11F.FO112B
.FO112F.P0113B.P0113F. P0114B.BP0I20B.IVP0120FC. 1V P0120B. PPO120F50. C T0120F. IVP01205. IVP0120PB.IVP0120L
27y PO10SL.IVP0120FQ.P0108B. FOI0SF.POL0GPB.P0107B.PO107F.PO108 5. FO108F. PO109B. P0109F .FO111B.PO111F.PO112B
.POI12F.P0113B.F01i3F.P01145.5P0; 208 . IVP0120FC.IV P01 20B.PP0120FS Q.U L01 207 . IVPO1203 IVP0120PB.IVPO120L
28} PO109PB.IVP0120F0.P010SB.PO10OF.PO109L.P0107B.P0107F.P01058B.P01058F. PO110B.PG11GF.PO111B.PO111F.POI12B
.PO112F.P0I13B. FO113F-P0114B.BP0120B.IVP0120FC.IVP0 1208, PPO120F50. CT0120F. IV FP01205. IV P01 20P B.IVPO1201,
29)  PO10SL.IVP0120FO.P01098.FOi09F.P010SPB.F01078.PO107F. PO108E. PO108F.PO110B.PO110F.PO111B.P0111F.PO112E
PO112F.P0113B6 . P0113F.F01148.BP01 20B.IVP0120FC. [VP0120B.PPD1 20FS0.CT0120F .IVP01203 IVP0120P B.IVP0120L
30) PO110PB.IVP0120F0.P0110B.POI10F.PO110L. POI07E. POI0TF.POI06E. POIGSF. PO109B. POI0SF.POIL1B.PO111F.POL 128
.PO112F.P0113B.F0113F.P01148. BP0120B.IVP0120rC.IVP01208.PPO120F50.CT0120F . IVP01203. IV P0120P B.IVP0120L
31}  PO110L.IVP0120F(O.P0110B.FO110F.PO110PE.P0107B.FO107F.PO108B . PO108F.P0109B.PO105F . POL11B.PO111F.PO112B
.POi12r.P01138.PH113F.P01148.BP0120B.1V P01 20FC.IVP0120B. PP0120FS0.C T 01 20F.1VP01205.IVP0120PB.IV PO120L
32) POI11PB.IVP0120FO POI11B.P0111F.P0111L.P0107B.FO107F.P0105E. PO108F. P01098.PO109F . PO110B.F0110F.PO112B
.PO112F.P0113E.F0113F.P01148.BP0120B.1VF0120FC.IVP0120B.PP0120FS0.CT0120F.IVP012038. 1V P01 20P B.IVP0120L
33) PO111L.IVP0120FO.P0111B.POI11F.PO111PB.F01075.P0107F. PO108E . PO108F. PUL09B. PO109F. PO110B. FO110F.P01128B
PO112F.F01128 .P0113F .P0114B.BP0120B IVP0120FC.IV P0120B.PP0120FS0.CT0120F .IVP01203.IVP0120PB.IVF0120L
34) PO112PB.IVP01206FQ.PO1125.P0O112F.PO112L. PO107E. POL07F.PU108B.FO1GRF. PO103B. PO10GF.PO110B.FO110F. PO111B
.POI11F.P0118B.P0113F.P0114B.BP0120B.IVP0120FC. IV P01205. PPO120FS0.CT0120F.IVP012035.1V P0120P B.IVP0120L
35) PO112L.IVP0120FO.P0112B.PO112F.P0112PB.F01078.P010TF.P0O10SE . PO108F. P0109B . PO109F. P01 10B.F0110F.POI11B

36) IVP01208. IVP0120FC.IVP0120B.IVP0120FO IVP0120PB.IVP0120L.PG1075 .F0O1G7F .PO108B .PO108F . POI09B

37y  BP0120PB.IVP0120FC.BP0120B.BEP0120L. FP0120FS0.P0107B.P0107F.PO108B. PO108F. PO10SE. PO10SF . P(H 10B.FOL10F
.POI11B.P0111F.F0I128.PO112F.PO113E.P0113F.F0114B.IVP0120FC.IVP0120E.CT0120F .1V P01 205. IVPO120PB. IVF0120L

38)  BP0120L.IVP0120F0Q.BP0120B.EF(120PB.PPGI20FS0. POL107B. PO107F. PO108E. PO 108F. PO109B. FO10GF.P01106. PO110F
.PO111B.F0111F.P0112B.P0112F.P0113B.PO113F.P0114B.IVPG120FC IVP01 20B.CTO120F

39) PP0120FM.IVP0120FQ.PP0120F0.PPO120FS0.PPO120L. PO107B. PO10TF . PO10GE.PO10AF. PUL09B. PO109F. PO110B. POL10F
.POI11B.POI11F.P0112B.PO112F.P01135.PO113F.P0114B.BP0120B.IVP0I20FC.IV P0120B8.CT0120F.IvVP01205. IVPOI20PB.IVF0120L

40)  PPO120L.IVP0120F0.PP0120FO.PP0O120FM.FP0120FS0.P0107B. POL07F.F0108B.P0O108F.FO1098. PO109F. F0110B.FG110F
.P0111B.P0O111F.P0112B.P0112F.P0113B.PO113F.PO114B.BP0120B.IVP0120FC.1VP0120B.CT0120F.1VP01205.1VP0120PB.IVF0120L

Table D.26: Prime implicants for partial flow on the outflow line when
low flow is required in the ACTIVE operating mode - Table 2

Number Prime Implicants

1) PP0110FO.P0113PB.IVP0110FC.F0113B.PO113F.P0113L.P0101B. PO101F.PO102B. PO102F. P01035.PO103F. PO104B. PO1G4F
.P01058.F0105F.F0106B.POI06F. P0114B.BP0O110B.IVPO110FC. IV P01 10B. FPOI10F50.C TOL10F . IVP01108.1VPH 10PB
IVPO110L.PFO110FM.FPOLI0L

2)  PP0110FO.P0113L.IVP0110FO.FO113B.PO113F.P0113PB.FO101B.POL01F.FO102B. PO102F . FO103E.PO103F. P0104B.FO104F
.P0105B.P0105F.P0106B . POL06F.P0114B.BPO110B.IVP0110FC.IVPO110B.FPO110FS0.CT01 10F . IVP01105.TVPOL10PB
IVP0110L.PPOI10FM.PPOI10L

3) PP0110FO.P0114PB.IVP0110F0.P0114B.PO114F.P0114L. PO1G1B.PO101F.P0O102B. P01 02F. P01036.PO103F. P0104B.PO104F

.IVPOT10L.PP0O110FM.PFOI10L

4) PPO0110FO.PO101PB.IVPOL10F0.POI01B.FO101F.POL01L.PO102B. FO102F .F01038. PO103F . PG104E, PO104F . PQ105B. PULOSF
.F0106B.PO106F.P0113B.PO113F.P0114B.BPOI10B.IVF0110FC.IVP0110B.PPO110FS0.CT01 10F .IVPO116S.IVFOI10PB
.IVPO110L.FPOI10FM.PPO110L

5} PPG110F0Q.P0101L.IVP0110FO PGI0IE .POL0IF.POI0IPE.P0102E . POI0ZF . PO103E. . PG103F. PO104E. PO104F .POI105B. POI0SF
.F0106B.P0106F.P0113K.F0113F.PO114E.BP0110B.IVP0110FC.1VP01108. PPOI 10F50.CTO110F .IVP01105.IVPOT10F B
.IVP0I10L.FPO110FM.PPO110L

6) PP0110FO.P0102PB.IVP0110FO.F0102B . PO102F.PO102L.PO101B.FO101F.P0103B. PO103F . PO104E. PO104F . P0105B. POL0SF
.F0106B.PO106F.F0O113B.P0O113F.P0114B.BPO110B.IVEP0110FC.IVP0110B.PPOI10FS0.C T0110F.IVPOL105.[VPOLI0OPE
JIVP0110L.PPO110FM.PPOI10L

Table D.27: Prime implicants for partial flow on the outflow line
in the DORMANT operating mode - Table 1
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Number Prime Implicants

7}  PP0110FC.PO102L. IVP0110FQ.F0102B . PO102F. P0102PB . PG101E.PO101F. PO103B.PO103F . P0104B. PO104F . PO105B. POLOGF
.P0106B.P0106F.P0113B.P0113F.P01148.BP0110B.IVPOI10FC.IVPOL10B. PP0110FSO.CT0110F . IVP0110S.IVPOI10PB
JIVP0110L.PPO110FM.FPFO110L

8) PP0110FO.PO103PB.IVP0110FO.P0103E.PO103F.PO103L. PO101 B . PO101F.P0102B . PO102F . PO104B.F0104F . PO105B.PO105F
.P0106B.POI106F.P0113B. P01 13F.PO114B.BP0110B.IVPO110FC.IVPO110E.PP0110FS0O.CT0110F . IVP01103.IVF0110PB
JVP0110L.PPOI10FM.PPOLI0L
.P0106B.P0106F.P01135.P0113F.P01145.BP0110B.IVPO110FC.IVPOL10B.PPO110FSQ.CTO110F.IVP01105.IVPO110PB
IVPo1i0L. PPo110FM.FPO110L

10)  PP0110FO.P0104PB.IVP0110FQ.P01045.P0104F.PO104L. POI01 B.PO101F.PO102B . PO10ZF . PO103B.PO103F.PO105B.PO105F
.P0106B.PO106F.PO113B.F0113F.P0114B.BP0110B.IVPO110FC.1VP0110B.PP0OL10F50.CT01 10F.1VP0110S.IVPO110PB
IVPoi10L.FPO110FM .FPOI10T,

11)  PPO110FO.PO104L.IVP0110FO.F0104B.PO104F. PO104PE .P0101B.P0101F. PO1G2B. PO102F . P01035.FPO103F. PO105B. POI0OSF
.P0106B.P0106F.POI135.PO113F.PO114B.BP0110B.IVPO110FC.IVPD110B.PP0110F50.CT01 10F.IVF01105.IVEO110PE
IVF0110L.PPUit0FM.PPOIL0L

12) PPO110FQ.P0105PB.IVP0110FQ.F0I068.PO105F.POL0GL,. PO 01B.POL01F.P01025. POL102F. P0103B.FOL103F . PO104B. PO104F
.P0106B .F0106F FO1138 .P0113F.P0114B.BF0110B.1VP0110FC . IVP0I10B.PPO110FS0.CTO110F .1V P01103.IVPOI10P B
IVP0O110L.PPO110FM.PPO110L

13}  PP0110FO.PO105L.IVP0110FO.F0I05E.PO105F. PG105PB.PO101B.POI01F.PO1028. PO102F.PO103B.POL03F . POL04E . FO104F

.IVP0110L.PF0110FM.PPOI10L
14) PP0110FO.PO106PB.IVP0110FQ . F0106B . FO106F .FO106L . P0161B .FO101F.F0102B .FO102F.P0103B .FO103F .F0104B . FO104F

JIVPD110L.PPO1i0OFM.PPOL10L

15)  PPO110FO.PO106L.IVPO110FO.PO1068. PO106F. PO106PB. FO101 B. PO101F.P0102B. PO102F. P0103B. PO103F. PO104B. FO104F
.P0105B.P0I06F.F01135.P0118F.P0114E.BP0110B. VPO 10FC.1VP0110B. FPO110FS0, CTO110F . IVPO1103.IVPU110P B
JIVP(IT0L.PPOL1OFM.PPOL10L

16) PPO110FO.IVP01108.JVP0110FC.IVPCOL10B. IVP0110F0.IVPO110PB.IVP0110L.FO101B.FO101F.P0102B. PO102F.P0103B
.P0103F.P0104B.F0104F.P6166E.FO105F. P01065.PO106F. PO113B. PO113F.P0114B.BP01 108, PPOL I0FS0.CTO110F
_PPOI10FM.PP0O110L

17) PPO110FO.BP0110PB.IVP0110FO. BP0110E.BP0O110L. PPOI10FS0.P0101B.POL0IF.PO1026,. POLO2F.PO103E, PO103F .PO1048
.P0104F.P01058.P0105F . PO106B.POI06F.PO113B.PO113F.P0114B. IVPOL10FC.IVPOL10B.CT0110F.1VP0110S . IVPOI10PB
IVP0110L.FPOI10FM.FPO110L

18) PP0110FO.BPO110L.IVP0110FC. BPOI10B.BP0110PB.PPO110FS0.PO1015.P0101F.PO102B . P0102F . POI03B. PO103F.PO104B
.P0104F.PO105B.POI05F.FO106B.POI0GF. PO113B.PO113F. PO114B.IVPOI10FG.IV PO110E. CTOL10F.IVP01163. IVPOL10P B
JIVP0110L. PPO11GFM.PPOL10L

19)  PP0120F0.P0113PB.IVP0120FQ.F0113B.PO113F.P0113L.PO107B. PO107F.POI08E. FO108F. P0109B.FO109F . P0110B.PO110F
FO111B.PO111F.P0112B.PO112F.PO114B.BP0120B.1VF0120FC.IVP0120B. PP0120FS0.CTO120F . IVP01205.IVP0120P B
JIVP01Z0L.PP0120FM.PPOIZ0L

20) PP0120FO.POL13L.IVP0120F0.F01138.P0113F.PO113PB.PO107B.PO107F. POL08B. PO10EF. PO109B.PO106F . POL10B.PO110F
.Po11B.F0i11F.F0112B.P0112F.P0114B.BF0120B.IVPG1 20FC.IVP0120B. PPO1 20F50. CT0120F .1V P(1205. IVP0120P B
JIVP0120L.PP0120FM.PP0O120L

21}  PP0120FQ.P0114PB.IVP0120FQ, P0114B.P0114F, POI14L.F0107B.FO107F.PO108B.PO108F. P01 09B.PO109F . PO110B.FOT10F
.FOIT1B.PO111F.Fy112B.P0112F.F01138.P0113F.BP0120B.IVPOI20FC.IVP01 205. FPO120F 530 .IVP01208. IV P01 20PB
JIVDP0120L.PP0120F M.FP0120L

22}  PP0120FQ.P0107PB.IVP0120F0.P0107B.PO1G7F.FO107L. FOL10BB. PO108F . PG109B5.PO109F . PO110B.PO110F . PO111B.PO111F
Fi1125.P0112F.P0113B.P0113F.P0114B.BP0120B8.1V P01 20FG.1VP0120B . PP0O1 20FS0. CT0120F.IVP01205.IVP0120P B
JIVPO120L.PPG120FM.PPO120L

23)  PPO120FQ.P0107L.IVPO120FO.FU107E . POI07 . PO107FE. PU108B.PO108F. PO109B. POL09F . F0110B.PG110F. PO111B.FO111F
.FO112B.P0112F.PG113B.P0113F.P01135.BP0120B.IVP0120FC.IVP(1205. PP0120FSQ.CT0120F .IVP01203. IVP0120PB
JIVP0120L.PPO120FM.PP0120L

24}  PP0120FQ.PO108PB.IVP0120F0.PO108H.POICSF. POL0AL.P0107B. PUL0TF . PO108D.PO10AF. PO10OE. PO109F . POL11B.POT11F
.F0112B.P0112F.P01138.P0113F.F0114B.BP0120B.JVP0120FC.IVP0120B. PP0120FSO.CTO120F . IVPO1205.IVPO120P B
.IVP0120L . PPO120FM.PPO120L

25)  PP0120FO.PO10SL.IVP0120F0 . F01085 .POI0AF.FO108FPE.F0107B.PO107F.PGI08B. POLOSF.PO109B. PO1G9F. FO111B.FOLIIF
.P0112B.P0112F.P0113B.P0113F.P0114B.BP0120B.IVP0120FC.IVP0120B.PP0120FS0.CT0120F . IVPD1205.IVPO120PB
JIVP0120L.PP0120F M. FP0120L

26) PP0120FO.P0109PB.IVP0120F0. PO100E . PO105F.PO109L. POIGTE. PO10TF. PO10RE.PO108F. P01 10B.PO110F . PO111B.POI1IF
.P0112B.P0112F.P0113B.PO113F.P01148.BP01208.IVF0120FC.1V P0120B. PPO120FS0.CT0120F . IVP01205.IVPO120P B
.IVP0120L.PP0OI120F M, PPO120L

27)  PP0120FQ.P0109L.IVP0120F0 . P0109E .POI09F.PO10SPB.P01078 .FO107F. PO108B . POI0SF . PO110E.PO110F .P0111B.FOIIIF

28)  PP0120FO.P0110PB.1VP0120FQ. F0110B.F0110F . P0110L. P0107E.PO107F. PO1085. PO108F. PO109B. PO109F . POL11B.POI11F
.F01128.P0112F.P01138.P0113F.P(114B.BP0120B.IVP0120FC.IVPO120B. PPOI20FS0O. CTO1 20F . IVP01208. IVPO120P B
IVP0120L.PP0120FM.PP0120L

29)  PP0120FO.PO110L.IVP0120FQ.F0110B.POT10F. PO110PB.F01076.PO107F.PG108B . POL0&F. PO109B.POTOSF. POI11B.POI1T F
.Fo112B.F0112F PO1135.P0113F.PO1148. BP0120B.1V P01 20FC.IVP0120B_PPO120FS0,CT0120F.1VP01205.IVPO120P B
JIVF0120L. PP0120FM. PPO120L

Table D.28: Prime implicants for partial flow on the outflow line
in the DORMANT operating mode - Table 2
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30) PP0120FO.P0111PB.IVP0120FQ.PO111B.FO111F.PO111L.F0107B.POL07F. PG108E. PO10&F. PO109B . PO109F . PO110B. PG1 10F
.P0112B.P0112F.P0113E.PFO113F.P0114E.BP0120B IVPOI20FC.IVP0I20B.PP01 20F SO.CT0120F . IVP01205.IV P01 20PB
.IVF0120L.PP0120FM.PP0120L

31) PPO0120F0O.P0111L.IVPQ120F0.F01118.PO111F.PO111PB.POL07E.POI10TF.POI0RE. PO10SF.FPO109B.PO109F.FO110B.FO110F

.PO112E.PO112F.F0113B.POI13F.P0114B. BF0120B.TVP0120FC.IVF0120B. PP0120F50.CT0120F .IVP01205.IVP0120PE
IVP0120L . PPO120FM .PP0120L

32) PP0120FC.P0112PBE.IVP0120F0O.PC112B.PO112F.PO112L.F0107B.FO107F.F0108B.POI0&F. POI1GIB. POICOF.PO1108 . POL10F

JIVP(120L.PP0120FM.FPP0120L

33) PP0120FO.P0112L.IVP0120F0.P0112B.P0112F.P0112PB.P0107B. POL07F. PO108B.POL0&F. P0109B. PO109F . FO1 10B. POL10F
PO111B.POI11F.P01138 .P0113F .P01148 .BP0120B8 IV PU120FC.1VP0120B.PPO1Z0F50.CT0120F .1V P01205.1VP0120P B
JIVP0120L.PP0120F M.PPOI20L

34)  PP0120FO.IVP01208.IVPOI20FC.IVPUI20B. IVPOI20F0.IV P0120PB.TVP0120L. F01078. FOI07F. PUL08B. PO108F
.P0169B . PO10SF.PG110B.P0I10F.P0111B.F0111F.P0112B.P0112F.F0113B.P0113F. F01148.BP0120B. PPO120F 50
.CT0O120F.PP0120F M. FPO120L

35) PP0120F0O.BPD120PB.IVP0120F0 BP0120B .BFP0120L. . FPO120F50.PO107B.P0107F. POL10BB. FO108F. PO109B.FO109F. PO110B

JIVP0120L.FP0120F M.FF0120L
a8) PP(120F0.BPO120L.1VP0120F0. BF0120B . BP0120P B.PPOI20FSO.P0107B. PO107F. PO108E. P01 08F . P0109B. PO10SF . FO110D

.CTO0120F.FPQ120FM.PP0O120L

Table D.29: Prime implicants for partial flow on the outflow line
in the DORMANT operating mode - Table 3

D.1.15 High Flow at PSV0110

HFPSV0110 = (P0103B.F0101B.P0101F.POI0IPB.FO101L.PO102B. PO102F. P0102PB. FO102LP0L158. PO115F
JP0115PB.F0115L.P0116B.PO116F.P0116PB.PO116L.P01178. POIL7F.PPO110FS0. P01 10FM
.PPOII0L.PSVOI10ISC.PSVOL10B.PSVO110PB. PSV01105.PSV0110L. P0103F.POI03L. PO103PB
+(.P0101B.P0101F.PO10IPB.POI0IL. PO102B. P0O102F. PO102PB.PO102L. P01 15B.PO115F
P0115PB.P0115L.P0116B.P0116F. P0116PB.PO116L.P0117B.PO117F. PP0110FS0 . PPOL110FM
PPO110L. PSV0110ISC.PSV0110B.P5SV0110PB.FSV01105.PSV0110L.P0103F.PO103L.IVP0110L
IVP0110S).(P0104B.POI04F. P0104PB.PO104L + P0105B.PO105F.POL05PB.PO105L.P0O104L,
+P0106B.FP0106F.P0106FPB.PO106L. PO104L. FO105L + IVP0O110FC.IVP0110F0. IVP0110B.IVPOL10PB
+P0113B.P0113F. PO113PB.POI13L.BP0110L. P0104L.F0105L. PO106L
+P0114B.P0114F.PO114PB.P0O114L. BP0110L. PO104L. PO105L.. PO106L. FO113L
+CT0110F.CT0110T.IVPO110FO + BP0110B.BPO110PB.BP0110L. P0104T.. PO105L). (ACTIVE. DORMANT))
+DORMANT.PPO110FQ.ACTIVE. P0101B.FO101F. P0101PB. P0101L. POT02E. P0102F. PO102PE. PO102L
P0115B.P0115F.P0115PB.P0115L. PO116B.P0O116F. PO116PB. P01 16L.P0117B.PO117F.PPO110FS0 . PPO1 10F M
PP0110L. PSVO110ISC.PSV0110B.PSVOI10PB.PSV01108. PSV0110L.POI03F.FO103L

Number Prime Implicants

1}  P0103B.PGIG3F.P0103PB.PO103L.PO101B.PO101F.POL01PB.PO101L.PO102B.FO102F. PO10ZP B.P0102L. PC11GB
.P0115F.P0115PB.P0115L.F01168.POL16F.P0116PB.FU116L.P0i17B.P0117PB.PSV0I10I5C. PSVO110B.PSVOI 0P B
.PSV01105.PSV0110L. PPO110FS0 . PPOLIOF M. PPOL10L

2) P0104B.P0104F.P0104PB.P0104L.F0101B.P0101F.PU101PB.POIGIL. PO103F.PO103L. FO102E.F0102F. PO102PB
.P0102L.FO116B.PO116F . PO115PB.P0115L.PO116E, PO116F.PO116PB.FO116L.PO117B.FOI 1 7P B.IVPO110L. IVF01103
.P5VO110iSC.FSV0I10B.PSV0110PB.PSV01105.PSVOL10L.PPO110FS0O.FPO110FM.FPPO110L

3} P0105B.POI05F.PO10SPB.P0105L.PO101B.PO101F. POL101PB. PO101L. PO103F. PO103L. P0102B . POI102F.PO10ZPB
.P0102C.PO115B.POI15F.PO116PB.PO115L.P0116B.PO116F.PO116P B.PO116L.POI17B.P0117PB.IVPOL10L.IVPO1105
.P5V0110I5C.PSV0110B.P5V0110PB.FSVD1105.PSVO110L. PPOL10FS0.PPO110FM. PPO110L.PO104L

Table D.30: Prime implicants for high flow at PSV0110
when in the ACTIVE operating mode - Table 1
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4)  P0106B.PO106F.P0106FB.P0106L.POI0IB.PO101F. POI01PB. POL101L. PO103F. PO103L.P01028. PO102F . PO102P B
.P0102L.F011GB.PO116F.PO115PB.PO115L.P0116B.PO116F.P0O116PE.PO116L.P0117B.P0117PE.IVP0110L. IVPO1103
.PSV0110I3C.PSV01108.PSVO110PB. FSV01103. PS VO110L.PPO110FS0.FPO110FM.FPO11 0L, PO104L.POL1O5L
5} P0113B.PU113F.F0113PB.P0113L.P0101B.PO101F.POL101PB.PU101L.PO103F.POI103L. PO1025 . PO102F.PO102P B
.FO102L.PO115B.PO115F.PO115PB.PO115L. PO116B. POI16F.PO116PB.P0116L.PO117E.P01 17FPB.IVP01 20L. IVPO110S

JPEVOII0ISC.P5V01108.PSV0Ii0PB. F3V01108. PSV0110L. PFO110FS0.PPO110F M. PP0O110L. PU104L. FO105L. PO106L
.BPOIIOL

6) P0114B.POIT4F.P0114PB.PD114L.P0101B.PC107F.PO101PBE.P0101L. PO103F. PO103L. P0102B. PO102F.PO102F B
.P010ZL.FO115B.P0115F.FO115PB.FO115L.FOT16B.POL16F.PG116PB.PO116L.PO1I7B.PO117P B. IV PO110L.IVF01105
.PSVOII0ISC.PSV0110B.PSVO0110PB. PSV01105.PSV0110L.PP0110FS0O.PPO110FM. PPO110L. FO104L. PO105L. PO106L
Fo113L.BPO1IOL

7y IVPO11OFC.IVPOI10FO.IVPO110B.IVP01105.IVP0110PB.PO101B.FO101F.POL01 PE.PO101L. PO103F .P0103L. PO102B

.PSVOITOISC. PSV0110B.F5V0110PB. PSV01105.PSY0110L.PP0110F50.PPO110FM. PPOILTL
8) 1VP0110B.IVPO110FG.IVPO110FO.IVPO1105.1VP01 10PE.FO101B . POI01F.PO101 PB. PO10 1L, PO103F . POL103L. PO102E

9)  CTo110F.IVP0110FO.IVP01105.CT0110T.P0107B. FOL101F.POI101FB.PO101L. PO103F . PO103L. FOI02B. PO102F.PO1G2PB
.P0O102L.PO115B.PO11GF.PO115PB.PO115L.P0116B.PO116F.POL16PB. POL1GL. POL17B.PO117PB.IVPO110L
.PSVOII0ISC. PSV0110B.PSV0110PB.P5V0i105.PSV0110L.PPO1 10FSC.PPO110F M. PPO11CL

10) BP0110B.BP0110L.BPO110PB.FO1018 .PO101F.PO101F B .F0101L. P0103F .PO103L.P0102B. P0102F.PO10ZPB
.P0T02L.PO115B.PG11GF.PO115PB.PO115L.PO116B.PO116F.PO116PB.FPOI16L.P0117B.P0117PB.IVPOL10L. IVP01103
.PSV0110I5C.PSV0110B.PSV0110PB. F5VO1105. P5V0110L.PP0110F50.PPO110FM. PPG1 10L. PO104L. PO105L

Table D.31: Prime implicants for high flow at PSV0110
when in the ACTIVE operating mode - Table 2

Number Prime Implicants
1) PP0110F0.POICIE . PO1GIF.PO101PB.PO10IL . PO102B. PO102F.FO102FB.P0I0ZL.PO115B.PO115F . P0115FB .P0115L.FOI16B.PCL16F

.P0116PB.PO116L.P0117B.P0117F.PPU110FS0Q.PPOLI0FM.PPO110L.P5VO110IS5C. PSV0110B.PSVOL10PB. PSV01105.PSVO110L
-P0103F .P0O103L

Table D.32: Prime implicants for high flow at PSV0110
when in the DORMANT operating mode

D.1.16 High Flow at PSV0120

HFPSV0120 = (P0109B.P0107B.P0107F.P0107PB. POL107L.P0108B.POI0SF. P0107PB.P0103L. P0118B.POT18F
.P0118PB.F0118L.P0119B.P0110F.P0119PB.PO119L.. PO120B. PO120F . PP0120F SO.PP0120FM
.PP0120L. PSV0120I3C.PSV0120B.PSV0120PB.PSV01208.PSV0120L.POI00F. FO109L. PO109PB
+(.P0107B.PO107F.PO107P B.P0107L. PO108B. PO108F. F0108PE. PO108L. PO118B.PO118F
JFO118PB.P0118L.P0116B.F0119F.P0119PB.PO119L.PO120B. PO120F. PP0120FSO.PP0O120FM
PP0120L.PSV0120ISC.PSV0L20B.PSV0120PB. PSV01205.PSV0120L. FOL10SF. PO109L. IVP0120L
IVP01208).(P0110B.POI10F.PO110PB. PO110L + P0111B.POL11F.FO111PB.PG111L. PO110L
+P0112B.P0112F.P0112PB.P0112L. POI10L. PO111L + IVP0120FC.IVP0120F0.IVP0120B.IVP0120PB
+P0113B.P0113F.P0113PB.P0113L. BP0120L. PO110L. P0O111L.PO112L
+P0114B.P0114F.P0114PB.P0114L. BP0120L.PO110L.PO111L. PO112L. FO113L
+CT0120F.CTO0120T.IVP0120FO + BP0120B.BP0120PE.BP0I20L. POI10L. P0111L).(ACTIVE.DORMANT))
+DORMANT PP0120FQ. ACTIVE.P01078.F0107F .P010G7PB. P0107L. P0108B.PO108F. PO107EB. PO108L
.P0118B.P0118F.P0113PB.P011&L.PO119B.POL10F. PO 10PB.PO1 10L.P0O120B. PO120F. PPO120FS0O. PP0120FM
PPO120L. PSV0120ISC.PSV(120B.PSV0120PB.PSV0120S.PSV0120L.PGIOGF. PO1GSL
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1)  P0109B.POI0SF.P310SPB.POI09L. PO1GTB.PO107F. POLOTPB. P0107L.P0108B.PO108F.PO1G8PB. POAL.POI18B
.PO118F .F0118PB.P0118L.P0119B.PO119F.P0119PE.FO119L. F0120B.P0120P B.PSV0120I5C. PSV0120B.PSV0120PB
_P5V01205.FSV0I20L. PPO120FS0 . PPG120F M. PPO120L

2)  P0110B.POIi0F.P0110PE.P0110L.P0O107B.PO107F . PO107PB. PC107L.PO109F . PO100L.PO108E. POI08F.FO108P B
.P0108L.F0118B.PG118F.FO118PB.PO118L. P0116E.F0119F.P0119FB. PC119L. FO0120B . FO120PB . IVPO126L.TVP01203
PSV0120ISC . PSV0I208 PEV0120PB. PSV01208. FSV0120L. FP0120F50. PPO120F M.PPO120L

3) P0111B.POI1IiF.P0111PB.P0I111L.FO107B.FOI07F. PO107PB. POLGTL. PO109F . P0109L. PO108E. PO108T . F0108P B
.FO108L.P01718B.PO118F.FO118FPB.P0115L.Fo119B . F0119F. PO119P 8. PO119L. P0120E.P0120P B.IVP0120L.1VF01205
.PSVOIZ0ISC.PEV0120B.PSV0120PE.PSV01208. FSV0120L.PP0120FS50.PPO120F M. PPO120L. PO110L

4)  Po112B.F0112F.P0112PB.P0112L.P01078. PO107F.PO107PB.P0107L. PO109F. PO10SL.P0O108B. POI0BF. PG10SP B
P0108L.PCL118E.PO118F.P0O118PB PO118L.F0119B.F0119F.F0119PB.FOI119L.P0120E.F0120PB.IVP0120L. IVPOL 205
PSVO0120ISC.PEV0120B.PSV0120PB.PSV01205. PSV0120L. PP0120FSO.PP0120F M. PP0120L.PO110L. POI11L

5) P0113B.FP0113F.P0113FPB.P0113L.F01678.P0I07F. PO107PB.P0107 L. PO109F. P01 09L.PO108E. PO108F.FOI0BP B

.P010EL.F0118B.POI18F.P0O118P B.POI18L. P0119B.PO119F.P0119PB. PO119L. P01208. . PO120P B. IVPO120L.IVP0120S

PSVOI20ISC.PSV0120B.PSV0120PB.PSV01203. PSV0120L.PP0120F S0 . PP0120F M. PP0120L.POL10L. PO111L.PO112L
.BP0110

6) P0114B.F0114F.P0114FPB.P0114L.PO1GTE.POIOTF.P0107PE. FO107L.POI0SF . P01091.. PO10s8, POL0SF.FO108P B
.PO108L. PO118B.PO118F.PO11SP B.FPO118L . F0119B.F0116F . PO119PB.FO119L. F0120B.F0120P B. IVPO1 20L. IVP01205
.PSV0120ISC.FSV0120B.P5V0120PB.PSV01208. PSV0120L.PP0120F 50 . PPO120FM.PP0120L. POI10L.FOI11L. PO1121
.P0O113L.BPO120L

7y  IVP(20FC.IVP0120F0.IVP0120B [VP01205.IVP0I20PB.PO167 B .PO107F.POL07PB.POI07L.PO109F.PO109L. PO10SE
.PO108F . FO108PB.P0108L.FO118B.PUOI1SF.PO118PB.PO118L.P0119B.PO119F. PO119PB.P0119L. PO120B. PO120PB.IVP0120L
.PSV0120I5C.PSV01208. FEV0120PE. P5V01208. PSVD120L. PP0120FSO.PP0120F M.PFO120L

8) IVP0120B.IVPUIZ0FC.IVPOI20F 0.1V PG1205.]1VPOI120FB.PG1078. PO10TF.PO107PB.PO107L. PO109F . POL109L. PO10BE
_POICSF.FO108PB.P0108L.F0118B.PO118F.PO118PB.PO118L.F0110B. PO119F. P0119PB. PO119L. P0120B.PO120P B.IVF0i 200
.PSVG120I5C.PSV01208.PSV0120PB. P53 V01208, PSV0O120L. FP0120FS0 . PPO120FM .FPO120L

9)  CT0120F.IVPO120FG.IVP01208.CT0120T.P0i07B.POL0TF.POI07PB.POL0TL. POL09F.POL1U9L. PGL0SE . PUI0SF.POL108P B
.P0108L. FO118B.P0118F.P0118PB.POT18L.P0115B. PO116F.PG119PB.FO119L.P0I208.PO120P B.IVPO120L
.PSV0120I5C.P5V01208. PSVGOI20PB. PSV01208. PSV0120L.PP0] 20F 50 . PPOI120F M. PPU120L

10)  BP0120B.BP0120L.BP0120PB.P0I07B.PO107F.PO107PB.POI07L. POL0GF. PO10OL. PO108B. POI0BF. POI0SP B

.PEV0120ISC.PSV0120B.PSV0120PB.P5V01205. PEV0120L. PP012GFS0.PP0120F M.PP0120L. PGI10L.PO111L

Table D.33: Prime implicants for high flow at PSV(120
when in the ACTIVE operating mode

Number Prime Impllcants

1) PP0120FQ.P01078B . POL0OTF. PO10TPB.PG107L.PO108E.PO10SF.FO108PB . PO108L.P0118B. PO118F.PO118PB .PO118L.POL19B . PO116F
.POI19FB.FO119L.P0120B.P0120F.PPUOI20FS0. PP0O120F M. PP0120L. PSVG1201SC. PSVO1 20B.PSV0120PB. PSV01205. FSVOI120L
.P0109F.PO109L

Table D.34: Prime implicants for high flow at PSV0120
when in the DORMANT operating mode

D.1.17 Low Flow at PSV0110

LFPSV0110 = PO0101B.POI0IF.PO101PE.POI0IL + PO101F.PO161B.PO101PE.PO10IL 4+ P0102B.PO102F. P0102PB.PO102L
+P0102F.P0102B.P0102PB.P0102L + P0103F.P0103B.P0103PB.P0103L + P0115B.P0115F.PC115PB.PO115L
+P0115F.P0115B.P0115PB.POI 5L + P0116B.P0116F.P0116PB. P01 16L + P0116F.P0116B.PO116PB.P0116L
+P0117B.P0117F.P0117PB.PO117L + PP0110FSO.PPO110FC.PP0O110FM. PPO110L
+PSV0110ISC. PSV0110150.PSV0110S.PSV0110PB. PSV0110B.PSVO110L
+PS8V0110B.PSV0110150.PSV01105.FSV0110PB. PSVO11015C. PSV0110L
+IVP0110FO.IVFP0110FC.IVPO110B.IVP01103.IVP01 10PE. IVP0110L. P0103B, POI03PB. P0104B. PO104PB

+CT0110T.IVPO110FC.IVPOL10B.IVP0110S.1VP0O110PB.1IVP0110L. F0103B.P0103PB . PO104B.PO104PB
.P0105B.P0105PB .P0106B.P0106PB .P0113B.P0113PB.P0114B.P0114PB.BPOL10B.CT0110F
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1) PP0110FSQ.PPO110FO.PPOLIOFM.PPO110L
2) P0115B.F0116F.FO1IGP B, POITGL
3) PO115F.P(i15B.PO115PB.POL15L
4)  P0116B.PO116F.P0116PB.PO1IGL
5) PO116F.F0116B.P0116FB.POI16L
6) P0117B.POIL7F.POI17PB.POIITL
7)  P0101B.P0101F.F0101PB.POI10IL
8) PO101F.PO10IE.P0101PB.FOIOIL
9)  P0102B.P010ZF.F0i0ZPB.FO102L
10)  P0102F.F0102B.F0102FB.POI0ZL
11}  P0103F.F0103B.FO103PBE.FO103L
12)  PsVo11018C.PEV0110150.PSVO1105. PSVOI10PB. PS V01108, PSV0110L
13) PSV0110B.PSVO0110I50.F3V01108.PSV0110PB.PSVOI110I5C.PSVO110L
14) IVP0110FO.IVPO110FC.IVPOI10BE.IVF01105. IVPOI10PB.IVP0110L. POI03B. PO103P B . PO104 5. PGI04P B
.P0105B.P0105PB.P(106B.P0106PB.P0113B.F0113PB.PO114B.F0114PB.EP0110PB.BP0110B
15}  CTO110T.IVPOII10FC.IVF0110B .IVF01103.IVPO110PB. IV PO110L. P01035. F0O103FB.F0104B.PO104P B

.POIG5SE.POI05PB.POL06B. POI06PB.PO113B.PO113PB.P0114B.P0114PB.BEPOL10PB.BPOL10B.CTOLI0F

Table D.35: Prime implicants for low flow at PSV0110
when in the ACTIVE operating mode

D.1.18 Low Flow at PSV0120

LFPSV0120 =

P0107B.P0107 1 .PO107PB.P0107L + P0O107F P0107B.P0107PB.P0107L + P0108B.P0108F.P0108PB.POL0SL
+P0108F.P0108B.P0108PE.PO108L. + P0103F.P01038.P0103PE.F0103L + P0115B.P0115F.P0O115PB. POL15L
+P0115F.P0115B.P0115PB. PO115L + P0116B.P0116F.P0O116PB.PO116L + P0116F . P0116B.F0116 PB.POI16L
+P0117B.P0117F.P0117PB.P0117L 4+ PP0110FSO.PP0110FQ. PPO110FM. PPO110L

+PSV01101$C. PSVOI101S0. PSV01105. PSV0110PB. PSV0110B.PSV0110L

+P8V0110B.PEV01101SO. PSV01108. PSVO0110PB. PSV0110iSC.PSV0110L
+IVP0110FO.IVPO110FC.IVP0110B.IVP01105.IVP0110PB IVPOL10L.P0O103B.P0103PB. P0104B
.P0104PB.P0105B.P0I05PB.P0106B.P0106PB.P0113B.P0113PB.P0114B.P0114P3.BP0110B

+CTOe110T. IVPOLIGFC. IVPOL10B.TVP0110S.IVP0I10PE.1VP0110L. P0I05B. P0103PB.P0104B
.P0104PB.P0105B.PO105PB.PO106B.PO106PB. P0113B.P0113PB.PO114B. P01 14PB.BPO110B.CTO110F

Number

Prime Implicants

1)
2)
3)
4)
5}
6}
)
8)
2)
10)
11)
12)
13)
14)

15)

PP0120FSQ.PP0120FQ.PP0120FM. PPO120L

P0O118B.FOL18F.FO118F B, POL18L

P0118F.PO1186.P0118PB. PO11EL

P0119B.FO119F.FO119FB.PO119L

PO119F.F0119B.P0O119PB . PO116L

P0120B.P0IZ0F.FO120FB.P0120L

P0107B.POTO7F.PO107PE.POI0TL

P0107F. P0107E.P0107PB.FO107L

P0108B.FO108F .FO108PH.FO108L

PO108F.P0108E.FO108PB.PO108L

PO109F.P01098.FO109PB.F010SL

PSV012015C. PSV0120I50. PSV01205. PSVO120P B, PSV01208. PSVO1200
PSV0120B.PEV0120I50.PSVD1208. PSV0120PB.P5V012018C. PEV01200

IVP0120F0. IVPO120FC.IVP0120B.IVP01205.JVP0120P B.IVP0120L. P01098. FO10SPB. FO110B. POI10P B
.F0111B.P0111PB.FU114B.PO112PE.P0113B.PO113PB.POL14B.FO114PB.BF0120P 5. BEP0120B
CT0120T.IVPDOI20FC.IVP0120B.IVP01205.IVP0120PB.1VP0120L.F01098.FP0108FB. PO110B.PO110FB
.POI11B.P0111PB.P0112B.F0112FB.P01130.P0113PB.PU114B.P0114PB. BEF0120P B.BP01208.CT0120F

Table D.36: Prime implicants for low flow at PSV0120
when in the ACTIVE operating mode
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Fault and Success Trees for the Fuel Rig when ACTIVE or DORMANT Fault Trees

D.1.19 Partial Flow at PSV0110 when Low Flow is Required

PFPSV0110LFA = P0101B.POL0IF.P0102B.P0102F.P0115B.PO115F.P0116B.POL16FB.P01178.PO103F.IVPO110F0
PP0110FSO.PSV0110ISC.PSV0110B.CT0110T. (P0103PB.P0103B.PO103L
+P0104PB.F0104B. PO104F.P01041: + P0105PB.P0104F. P01058. PO105F. PO105L,
+P0106PB.P0104F, PO105F.PO106E.P0106F.PO105L
+P0113PB.F0104F. P0105F. PO106F. PO113E. P0113F.FO113L
+P0114PB.P0I04F.PO105F.PO106F.POL13F. P0114B. PO114F.PO1 14L
+IVP0110S.1VPO110PB.IVPOI10FC. IV PO1L0B. TV P01 10L
+IVP0110PB.IVP0110S.IVFO110FC.IVP0110B.IVP0110L + BP0110PB.BF0110L.BP0110B)
+(P0103B.P0103F.PO103PB.P0103L + P0104B.P0104F.P0104PB.P0104L
+P0105B.P0105F. POL0SPE.POI05L 4+ P0106B.PO106F. POL06PB. PO106L
+P01138.P0113F.PO113PB.PO113L + P0114B.PO114F.P0114PB.POI 141
+IVP0110S.IVP0110FO.IVP0110B.IVP0110PB.IVP0O110FC.IVPO110L
+IVP0110B.IVPO110FQ.IVP0110FC.IVPO110PB.IVP01105 IVP0110L
+IVP0110FC.IVP0I10FO.IVPOI10B. BP0110B.BP0110PB.EP0110L)
.(P0101PB.P010iB.P0I01F.PO10IL + P0101L.PO101B.POTI0IF.POIOIL
+P0102PB.P0102E.P0102F.P010ZL + P0102L.F0102B.PO102F.PO102ZL
+P0115PB.PO115B.PO115F.PO115L + P0115L.FO115B. POL15F. P0O115L
+P0116PB.P0116B.PO116F.P0O116L + P0116L.P0116B.PO116F.P0116L
+P0117PB.P0117B.POI17F.PO117L + P0103L.P0103B.P0103F. FO103L
+PP0110FM.PP0110FSG.FPG110L + PP0110L. PPOI10FSO.PPO110FM
+(PSV0110S.PSV0110PB.PSV0I10L + PSV0110PB.PSV0110S. PSV0110L
+PSV0110L.PSVOI10FB.FSV0110S).(PSV0110B.PSV0110ISC.PSV0110150)
+(P0103B.P0104B.P0104F.IVP0I110B. IVP0110FC.CT0110F). (P0104L,.POI04PB
+P0105L.F0105B.PO105F . FO105PB + P0106L.P0106B.PO106F. PO106PB. POL05B.POIOSE
+P0113L.P0113B . PO113F.P0113PB.F01058. PG105F. P01068. PO106F . BPOI10B
+BP0110L.BEP0110B. BP0OL10PB.PO105E.PO105T) }.{ACTIVE.DORMANT)

LFPSVO0110FD = PP0110FO.PP0110FSO.PP0110FM.PPO110L.(F0101B.PG101F.P0102B.F0102F.POI 158.PO115F.P0116B
.PO116F.P0117E.P0103F.PSV0110ISC. PSV0110B.(IVP0110FO.CT0110T + P0115PB.POL15L
+P0115L.PO1I5PB + P0116PB.P0116L + P0116L.P0116PB + PO117PB.POILTL
+P0101PB.POT0IL + P0101L.POI01PB + P0102PB.PO102L + P0102L.PO10SPB
+P0103PB.P0103L + P0103L.PO103PB + P8V01108. PSV0110I1S0.PSVO110L
+PSV0110L.PSV0I10ISO.PSVOI10S + PSV01101S0.PSV01105. PSV0110L
+IVP01108.IVP0110FC.IVP0i 10B.IVPO110PB.IVFOI10FC.IV P01 10L)
+(P0101B.P0101F.PO102E . P01G2F.P01158.PO115F. PG1165.PO116F.POLL7B. PO103F. PS V01 10ISC
.PSV0110B.{(IVP0110FO.IVPO110FC.IVP0110B.1VP0110PB.IVPO1 10S.IVPO110L
+CT0110T IVP0110FC.IVP0110B.IVPO110PB . IVP01108.IVP0110L.CTOL10F)
.(P0103PB.P0103B.P0103F.FO103L + P0104PB.P0104B. PO104F. PO104L
+P0105PB.P0105B.POIOSF.PO105L + PO106PB.PO106E. PO106F. PO106L
+P0113PB.P0113B.P01{3F.PO113L + P0114PB.FP0i14B. POT14F.P0114L
+BP0110PB.BP0110B.EPOIIOL)) + IVPO110PB.CT0110T.TVPOI10FC.IVP0110B.IVPO110FO.IVP01103
IVP0I10L. CT0110F.P0101B.PO101F.P0102B, P0102F.P01158. PO115F.P0116B.P0116F.P01178.POI03F
.PSVO110ISC.PSV0110B).(DORMANT.ACTIVE))
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Fault and Success Trees for the Fuel Rig when ACTIVE or DORMANT

Number

Prime Implicants

)
2)
3)
1)
5
6
7
8)

9)

P0103PB.F0103F.POL03E. P0O103L.P0i01B.PO10LF. FO102B. POL02F. FO115B. POL15F. PO116B.PO116F. POLL7R
IVP0I10F0O.PPOL10FS0, PEVOL10ISC, PSVOL10B.CT0110T
P0104PB.P0104F.P0104B.P0104L.PO101B.POI01F.P0102B. P0162F. PO103F.PO1158. PO116F.PO116B.PO116F
.POI17B.IVPOL10FO.PPOIIGFS0. PSVOI10ISC, PSVOI110B.C'TO110T

P0105PB.F0105F. FOI0GE. POIOSL.P010IB.POI01F.PO1026. POL02F. PO103F. PO116B. P01 15F. PO1168. POLI6F
.POITI7B.IVPO110F0.PPCI10FS0.PSVO110I5C. PSVO110B.CT0110T
.PO117B.IVP)110FO.PFO110FS0.PSVOI10I3¢ . PSVG110B.CT0110T
P0113PB.PO113F.P0113B.F0116L. PO101E.POI10IF.PO10Z5 . POL02F . PO103F. PO116E. POL1GF. POL 16B. POL16F
JF0117B.IVP0110FO.PFO110FS0. PS V01 1015C. PSVO110B-CTO110T
PO114PB.F0T14F.P0114B.P0114L.POT0IB. PO101F. P0102B.PO102F. PO103F . PO116B. P01 16F. PO1 16 8. POL1BF
.POI17B.IVPOI10FO.PFO110FS0D.PSV0110I5C. PSV0110B.CT0110T
IVP0110S.IVPO110FO.IVP0116B.IVP0110FC.IVPO1 16PB.IV P01 10L. P0101B.PO101F. PO102B . PO102F . PO103F

IVPO110PB.TVPGI10FQ.IVFOL10FO.TVP0110S. IVP0110B.IVPOI10L. P0101B.FO101F. PO1028. PO102F. PO103F
.PO115B.FO115F.F01168.P0116F.PO117B.PPO110F50. PSVOIL10ISC.PSVO0110B.CT0110T

BP0110PB . .BP0110L .BP0110PB.FoI101B.PO101F.F0102B . POIOZF FO103F .FOI16E.PO116F.P0116B. POI16F
.POI17B.IVP0110FOPPOI10F50 . PSVO0110ISC.PSV0110B.CTOI 10T

Table D.37: Prime implicants for partial flow at PSV0110 when flow

is required in the ACTIVE operating mode - Table 1

Fault Trees

Number Prime Implicants
1)  P0103B.P0103F.PO103PB.P(03L 1) P0101PB.PO101B.FOI0IF.FO10IL
2)  PO104B.POI04F.PO104PB.FO104L 2) POl01L.PCI101B.POIOLF.POIOIPE
3) Po105B.POTOSF.POI0GP B.POI0GL 3}  P0102PB.P010ZB.POI0ZF.POI10ZL
4) PO106B.POI0GF.POI0GPB.POI0GL 4) PO102L.P01025.P0102F.PO10ZPB
5}  P0113B.P0113F.POI13PB.FO113L 5) P0115PB.F0115B.FO116F.PO115L
6) P0114B.P0114F.P0114PB.POI14L 2)  P0115L.P011GB.POI15F.POI1GPEB
7Ty  IVPO110FC.IVPOI16F0O.IVPOLL0B 7) PO0116PB.P(116B.P0116F.PO116L
IVP0110PB.IVP01108.IVPOI10L 8) PO116L.F0116B.PO116F.POL1GPB
8) IVP0110B.IVFOI10FO.IVPOII0FC 9} PO117PB.P0117B.FO117F.POII7L
IVP0110PB.IVP01105.IVPD110L AND 10) PSV01108.PSVO0I10ISC.PSVO110IS0.PSV0110B.PSVOI10PE.PSVO1100
9) BP0110B.BF0110PB.BFOTI0L 11) PSV0110PB.PSVO01I0I5C. PSV0110150.PSVOI110B.PSV01105.PSV0110L
’ 12) PSV0110L.PSV0110I5C.FSVO0110I50.PSVO110B.FSVOI10PB.FSV0O1103
13) PPO110FM.PPOI10FSO.PFO110FO.PPOI10L
14)  PP0110L.FPOLLOF50. PPOLI0OFO.PPOITOFM
15)  P0103L.F0103B.F0103F.P0l03FD
16)  Po104L.P0104B.F0104F.POIC4APB.PC103B.IVPO110B.IVPO110FC.CTO110F
17)  P0O105L.PO10GB.FO106F.POI0OGPB.PG103E. PO104B. POI1GAF . IVPO110B
IVPOII0FC.CTOL10F
18)  PO106L.P0106E.PO106F.PO10GPB. PO103E. P0104B. POLO4F . PO105B
.POIOSF.IVPOI10B.IVPO110FC.CTO1 10F . BPO110B
19)  PO113L.B0113B.PO113F.POL13PE.F0103B.P0O1045.POI04F . PO10SB
.PO1C5F.PO106B.P0106F.IVP0O110B.IVPO110FC.CT0110F.BP0110B
20) BP0110L BF0110B,.EP0L110PB.P01038. PO1048.PO104F . P0105B
.PO105F.IVF0110B.IVP(110FC.CTO110F

Table D.38: Prime implicants for partial flow at IVP0110 when flow
is required in the ACTIVE operating mode - Table 2
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Fault and Success Trees for the Fuel Rig when ACTIVE or DORMANT Fault Trees

Number Prime Implicants

1) P0115PB.PP0110F0.PO115F.P0115B.PG115L. PO101E.POI01F.P0102E . FOL02F
.PO103F.P0116B.P0116F.FO117B.IVPOL10F0Q,. PPOLI0FS Q. PSVOI 1015C. PSV0110B.CT0110T.PFOL10F50.PPOI10F M. PPOL10L
2y  P0115L.PPO110FC.PO115E.POI1SPE. PO115F.P0101E.POL0IF. PO102B. PO102F
.POI0GF.PO116B.POI16F.PO117B.IVPDI10FO. PPG110F50.P3VO1101SC. PSVO110B.CT0110T. PPOI10FSO.PPOI10FM.PPOL10L
3) P0116PB.PP0110F0.PO116F .F0116B.P0116L..PO101B.FOI0LF. PG1G2E. PO102F. PO103F.PO1158. POL16F. PO117H
.IVP0110FC.PPO110FS0.PSVOL10ISC.PSV0110B.CT0110T. PPO110FS0. PPO110FM.FPOL110L
4) P0116L.PP0110FQ.P0T165.P0116PB.PO116F.P0I015.PC101F.PO102B. PO102F. PO103F.P01158. POI15F. PO117E
IVP0110FO.PPO110FS0. PSVO11015C. PSV0110B.CT0110T. PPO110F50. PPO110FM. PPOL10L
5) P0117PB.PP0110FQ.POLLTE . POT178.PO117L. PO101B.POI101F. F0O1028 . PO102F . PO103F . POL168. POL1GF. POL168. PO116F
JIVP0110FO.PPO110FS0O.PSVO110I5C.PSV01108.CT0110T. PPO110FS0.PPO11GFM.PPO110L
6) P0101PB.PPO110FQ.PGI01F .F0101B.P0101L.P0102E.PO102F.POI103F.PO115E. PO11GF.PO116E.POL16F . P01 178.IVPOL10FO
PP0i10F50.PSVOI110ISC.PSV0110B.CT0110T.PPO110FS0.FEO110FM.PPO110L
7}  PO101L.PP0110FO.P01015.F0101PB.PO10IF.P01025.PO102F. P0103F.PO115B. POL15F.PO1168. PO 16F.PGL17B.IVPO110FO
.PPDI10F50.PSV(11015C. PSVO110B.C 101107 . PPO110FSO.PP0110FM.PPOL10L
8) P0102PB.PP0110FQ.F0102F.P0102B.PO102L. F0101 B.POI0LF.PO103F.PO115B.PO115F.PO116B, PO11GF.PO1178.IVPOL 10F 0
.PPOI10FS0.PSV0110I5C.FSV0110B. CTO110T.PPO110FS0O. PPO110OFM.PPOI10L
9)  P0102L.PP0110F0.F0102E.F0102PB.P0102F .F0101B.F0101F.PO103F . PO116B.POL16F. PO116B.POI16F.PO117B.JVPOL10FO
.PPOI10FSO.PSVO0110ISC.PSVO110B.CT0110T. PPO110FS0O.PFOI10FM.PFOI 10L
10)  P0103L.PP0110FC . P01035 PO10PE.POI03F.PO101 B.PO101F.PO102B. PG102F.P0115B.PO116F.POL16B. PO1 16F.PO117E
IVPOIT0FO.PPO110FS0.PSVOL10I5C. PSV0110B.CT0110T . PPO110F50.PP0110F M.PPO110L
11)  PSV0110S.PP0110FQ.PSVOI10ISC.PSVO01101SC.PEV0110PE. PSV0110B.PSV0110L.PO101B.FO101F.P01028 . PO102F.PO103F
PO115B.P0115F.PO116B.POL16F.PO117B.IVPOL110FO. PPOLI0FSO.CT0110T.PPOLI0OFS0O. PPO11DFM.FPOL10L
12) PSV0110PB.PP0110FO.PSVO0110I50.PSV01105.PSV0110B.PSV01101SC. PSVOI10L. PO1016.POI0IF. PG102E. FO102F . PO103F

13)  PSV0110L.PP0110FO.PSV0I10I5C.P3V01:05.PSVO110PB.PSVO11015C. PSV01108.POL01B.PO101F.FO102B5.POI102F . PO103F
.PO115B.P0O116F.P0O1168.P0116F.PO1178.IVP0110FO.PP0110FS0.CT0110T.FPPOL10FSQ. PPOIT0OF M. PPOTi0L

14)  IVPO01108.PPO110FO.PSVOI1015C.PSV0110B.P01015B.POI01F. P01025.FO102F. POL0SF . P01 155.FO115F.PO116E
PO116F.P0117B.IVP(I10FO.IVFOI 10FC.IVPO11GE, IVPOL 10PB.IVPO110L.CTOL1GT.FPOI 10FS0. PPO110F M. FFO110L

15)  IVP0110FO.P0103PE.PPO110FO.IVPOI10FC.IVP0110PE. IVPO110B.IVPO1105.1VPC110L. FOI103B. PO103F.PO103L. PO101B
.P0101F.PG162B.PO1G2F .PO115B.PO115F.P0116B.POL16F.P0117B.PSV0110I5C.P5V0110B. PP0110FS0. FPPO110FM.FPO110L

16) IVPO110FC.P0104PB.PP0110F0.IVPOL10FC.IVP0110B.IVPG110S.IVP0110L. IVFO110PB.PO104B.PO104F . FO104L. PO101 B.PO101F
.F0102B.POT02F .P0103F .P0116B.PO11GF . P0116B.PO116F.P0117B.PSVO110ISC.POV0110B.PPOT10FS0 . PFOLI10F M. PPOL110L

17)  IVP0110FO.P0105PB.PP0110FQ JVP0110FC.IVP01108.1VP01105.IVP0110L.IVP0110PB. FOIGSB.POL10SF. PO105L_PO101B.POIA F
.F0102B.P0102F.P0103F.PO115B.PO11GF.P0O116B.POL16F . FO1178.PSV0110I5C.PS V01 10B.PPO110F50.PPO110F M. PPO1 10L

18)  IVPO110FOQ.P0106PB.PPO110FO.IVPOLIOFC.IVPO110B.IVFP01105.IVPO110L.TVP0110PB.FO106E. POLOGF . P0O106 L. PO101B.POI0IF
.Po10zB.F0102F.PO103F.F01168.PO116F.P0O116B.PO116F.PO117B.PS V01 10I8C. PSV01108. PPG110FSO.DPO110F M. PPO110GL

19) IVPO110FQ.P0113PB.PP0110FC IVP0L10FC.IVPO110B.IVP01108.1VPOL110L.IVPOI10PE. P0113B. P0113F. PO113L.POI01B. FOI01F
.P0102B.F0102F.POL03F.PO115B.P0116F.PO1165.P0116F. PO117B.PSVO110ISC.PSV0110B.PPOL10FS0. P01 10F M. PPOI10L

20) IVPQ110FO.P0O114PB.PPO110FO.IVPOI10FC . IVE(1 10B.IVP01105.IVPO110L.IVPOI110PE. PO114B. PO114F. P0114L.P0101B, POIGIF
.P0102B8.FO102F.PO103F . PO115B.P0116F.FPOI16B.POI16F.P0117B.PSVOLI0ISC.PSV0110B. PPO11OFSO. PPO110FM.PPO110L

21) IVPO110FO.BPO110PB.PPQ110FO.EP0110B.BPOII0OL.IVPO110FC.IVPO110B.IVP0110S.IVP0110L. IVPO110P B.PO101B.POLOLF
.F0102B.POI02F.PO103F.PO116B . FOI115F .P0116B .PO116F .F0117B.P5 V011015C.P5V0110B.PP0O110FS0.PPO110F M. PPO110L

22) CTO0110T.P0103PB.PP0110FQ.IVPOI10FC.IVP0110B.CT0110F.PO103E. PO103F.PO103L. F0101 5. FOI101F.P0102B.POL0ZF
.FO103F.PU115B.FO115F . PO116GE. PO110F.PO117B.FS V011015C. PSV01108.FPO110F50.PPOL 10FM.FPO1I0L

23)  CTO0110T.POL04PB.PP0110FO.IVPOI1IOFC . IVPO110E.CT0110F.POI1G4B.PO104F . PO104L. FPOI10FS0O.PPO110F M. PPOI 101,
.P0101B.F0101F.P01025.PO102F. PO103F.PO1158.PG115F. P01 16B.PO116F.PO1178.PSV0110150.P5 V01108

24) CT0110T.PO105PB . PPOL10FO.IVPG110FC . IVP0110B.CTGI10F . PO105E .FO106F .FO1051L. . P0101B . FO101F F0102E .PO102F

25) CT0110T.P0106PE.PPO110FQ.IVP0110FC.IVP0O110B .CTO110F.POI106B.PO106F . PO106L .P0101B.P0101F.P0102B.PO102F

26) CTO0110T.P0113PB.PP0110FO.IVPOITOFC JVP0110B.CT0110F.PO113B.PO113F.FO113L.P0101B.PO101F.F0102E. PO102F
.F0103F.PO116B.PO115F.PO116B.PO116F. P0117B.PSV011013C. PSV0110B.PP01 I0FS0.PPO110FM P PO110L

27}  CTO110T.P0114PB.PP0110FO.IVP0110FC.IVP0110B.CT0110F.PO114B.PO114F.P0114L.F01015.POIO1F. PO102B. PO102F
.P0103F.POI15B.P0O115F.P0116B.P0116F.P0117B. PSV011015C.PSVO110B.PPO110F50.PPO110F M. PPO110L

28) CTO110T.BP0110PB.PP0110FO.BPO110B .BPO110L.IVPO110FC.IVP0110B.CT0110F.P0101 B.POLO1F. F0O102B.P0102F
.F0103F.P0115B.F0115F.P0116B.PO110F.POL17B.PS V01 10ISC. FSV0110B.PP0110F30.FPO110FM.FPO110L

26) CTO110T.IVPO110PB.PPO110FO.IVPOII0FC.IVF0110B.1VP01108.1VP0110L.1V P01 10FQ.C 101 10F.PO101 B.POI01F .F0O1028
.P0102F.FO103F.P01158.POL16F.P0116B.PO116F.P0117B.PSV0110I5C. P5V01108.PPO110FS0.PPOI10FM.PPO110L

Table D.39: Prime implicants for partial low PSV(110
when low flow is required in the DORMANT operating mode
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Foult and Success Trees for the Fuel Rig when ACTIVE or DORMANT Fault Trees

D.1.20 Partial Flow at IVP0120 when Low Flow is Required

PFPSV0120LFA = P0107B.P0107F.P0108B.POI03F.P0118B.P0118F.P01198.PO119FB. P01208B. PO109F.IVPO120FO
.PP0120F50.P5V0120ISC.PSV0120B.CT0120T.(P0109PB.P0109B.P0O109L
+P0110PB.F0110B.POI10F. POI10L + PO111PB.PO110F.POI11B.POI11F.POI1IL
+P0112PB.FO110F.PO111F.Fo112B.P0112F.POI11L
+P0113PB.POII0F. PO111F.P0112F. P0113B.POI13F.PO113L
+P0114PB.POI10F.PO111F.P0112F. PO113F. P0114B.P0114F. PO114L
+IVP01208.IVP0IZ0PB.IVPOI20FC.IVP0120B.IVP0120L
+IVP0120PB.IVP0120S.IVP0120FC.IVP0120B.IVP0120L + BP0120PB.BP0120L.BP0120B)
+(P0109B.P0105F.P0109PB.PO109T. + P0110B.PO110F.P0110PB. POI10L
+P0111B.POI11F.PO111B . PO111L + P0112B,P0112F.P0112PB.PO112L
+P01138.P0113F. PO113PB.PO113L + PO114B.P0OL14F.P0114PB.PO114L

+IVP0120B.IVP0120FO.TVPOI120FC.IVP0120PB.IVP01205. IVPO120L
+IVP0120FC.IVP0120FO.TVP0120B.BP0120B. EP0120PB.BPO120L)
.{P0107PB.P01078.P0107F.FO107L + P0107L.P3107B.PO107F.PO107L
+P0108PB.F0108B.P0108F.P0108L + P0108L.P0108B.FO108F.PO1I08L
+P0118PB.P0118B.PO118F.F0118L + P0118L.P0118B.PO118F.F0118L
+P0119PB.F0110B.PO119F.PO119L + P0119L. PO119B.FO119F.FO110L
+P0120PB.P0120B. POI20F.P0120L + P0109L. PO109B. FO100F. POL109L
+PP0120FM.PP0120F30.PPO120L + PP0120L. PPOI20FSO.PPOI20FM
+(PSV01208.PSV0120PB.PSV0120L + PSV0120PB. PSV01205. PSV0120L
+PSV0120L.PSV(120PB. PSV01205).(PSV01208. P5V0120I5C. PSV0120150)
+(P0109B.P0110B.PO110F.IVPOI20B. IVP0O120FC.CT0120F). (P0110L.POIIOPB
+P0111L.P0I11B. PO111F.POIT1PB + P0112L.P0T12B. PO112F.PO112PB.PO111B.POI 11F
+P0113L.PO1T3B.P0113F.POI13PB.P0111B. P0O111F.POL128.P0112F.BP0120B
+BP0120L.BP0120B.BP0120PB.PO111B.P0111F)).(ACTIVE.DORMANT)

PFPSVOI20LFD = PP0120FO.PP0I20FSO.PP0120FMPPO0120L.(F0107B.PO107F.P0O108B.POL0SF.P0118B.PO118F.POL19B
.POIISF.P0120B.P0109F.PSV0120ISC.FSV(120B.{IVF0120F0.CT0120T + P0118PB.PO118L
+P0118L.PO118PB + P0119PB.FP0119L + P0119L.PO11SPB + P0120PB.P0O120L
+P0107PB.P0O107L + P0107L.POI0TPE + P0108PB.POI0SL + PO108L.POI0PB
+P0109PB.POI0SL + P0109L.P0109PB + PSV01208.PSV01201SO.PSV(120L
+P5V0120L, PSV0120ISO.PSV0120S + PSV0120ISO.F5V(1203.PSV0120L
+IVP0120S IVP0120FC. IVP0120B. IVP0120PB. IVP0120FC. IVPO120L)
+(P0107B.P0107F.PO108E.P0108F.P0115B. PO118F.P0119B. P01 19F. P01 20B.PO10SF. PSV01201SC
FEV0120B. ((IVP0120FO.IVP0120FC.IVP0130B. IVP0120PB.IVP(1205. IVPOI20L
+CT0120T.IVP0120FC.IVP0120B.IVP0120P B.IVP01208.1VP0120L. CT0120F)
.(PO109PB.P0109B.PO109F.PO100L + P0110PB.PO1T0B. PO110F. POI10L
+P0111PB.P0I11B,.POII1F.P0O111L + P0112PB.P0112B.P0112F.P0112L
+P0113PB.P0113B.P0113F.P0113L + P0114PB.P0114B.P0114F.PO1140
+BP0120PB.BP0120B.BP0120L)) + IVP0120PB.CT0120T.IVP0120FC.IVP0120B. IVP0120FO.TVP 01208
IVP0120L.CT0120F.P0107B.PO107F.P0108E.PO108F. POI188.PO118F. PO119B. P0119F.P0120B.FO109F
.PSV0120I5C.PSV0120B.(DORMANT.ACTIVE))
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Fault end Success Trees for the Fuel Rig when ACTIVE or DORMANT Fault Trees

Number Prime Implicants

1) POL0SPB.POI0SF.P0109B.P0109L. FO107E.POLOYF. PO108B.FO108F. FO118B.P0118F. PO119B.P0O119F. PO120B
JIVP0120FO.PPU120F50.PSV012015C.PSV0120B.CT0120T

2)  PO110PB.PGI10F.F0110B.PO110L. PO1078.PUI07F. FO108BE. POI0SF . PO109F.PUL168. P01 18F.POL198. POL1OF
.P0120B.IVP0120FO.PP0120FS0.PSV012015C. FEVOL20E.CT0120T

3} P0111PB.PO1:1F.P0I11B.F0111L.F0107B.PO107F .P0108B. PO108F . POz 09F. PO118E. PO118F.P0119B.P0I19F
P0120B.IVP0120FQ . FPO120F50. PSVO12015C.PSV01208.CTO120T

4) P0112PB.P0112F.F0112B.P0112L. PO1078.PO10YF. PO1085. PO10BF . PO109F.PO1188. POL18F.FO119B. POL1OF
.P01208.IVP0120F0.PP0120FS0. PSV01201SC. PS V01 20B.CT0120T

5} PO113PB.PU1:13F.P0113E.P0113L.P01078.F0107F.POL0SE. PO10SF.PO100r.PO1185. FO118F.P01198.POL1OF
PO120B.IVP0120F0. PPO120FS0. PS V0120150, P5 V01 208.0T0120T

6} P0114PB.F0i14F .P0114B.F0114L .F0I078 .PO107F.F01088. PO108F. POLOOF . PU1168. POL1BF . PO1198. POL1OF
.P0120B.IVP0120FC.PP0120FS0.PSV01201SC. PSVOL120B.CT0120T

7)  IVP(1208.IVPOI20FC.IVPOIZ0B.1V POLZOFC.IVPO120PB. IV P0120L. P01075 . FO107F. PO108B . FO1 0&F . POLOSF
.P0118B.P0118F.P0119E.PO119F . PO120B. PPO120FS0. PSV0120150. PS V01 20B.0T0120T

8) IVP0120PB.JVP0120FQ.IVP0120FO.IVP01205.IVP0120B.1VP0120L. F0107B. PO107F. FO108B. PO108F . POL10GF
JP0118B.F0118F.PD119B.P0119F .P0120B.PP0120F50 . PSVO120ISC.PSV01208,.CT0120T

9)  BPO0120PB.BP0120L.BP0120PB.PG107B.PG107F-P0108B,. PO108F, POL0SF . P0118B.PO116F.PO119B. PO110F

.P0120B.TVP0120FOPP0120F50.PSV0120150. PSV0120B. CT0120T

Table D.40: Prime implicants for unexpected partial flow at IVP0120 when low flow

is required in the ACTIVE operating mode -Table 2

Number Prime Implicants
1)  P0109B.POI10SF.PO109PB.FO106L 1)  P0O107PB.P0107B.FO107F.PHOTL
2) PO0110B.PO110F.PG110PB.PO110L 2}  P0107L.F0107B.PO107F.PO107PB
3) PO0111B.POI11F.POILIPB.FOI1IL 3)  P0108PB.P010EB.FOI08F.POI0SL
4) PO112B.FO112F.PO112PB.POI12L 4)  P0108L.PGIG8H.POI0SF.POI0SPD
5) P0113B.FO113F.PO113PB.POII3L 5)  P0118PB.F0118B.PO116F.POI1EL
6) PO0114B.PO114F.PO114PB.POI14L 2) PO0118L.P0118B.P0118F.P0118PB
7y IVP0O120FC.IVPO120r0 . IVPO120B 7) PO119PB.P0119B.F0119F.P01190
JIVF0i20PB.IVP01208.IVPOI20L 8) P0119L.PO1I9B.P0119F.POLIOPE
8) IVP0120B.IVP0IZ20FO.JVPO120FC 9) P0120PB.P0120B.P0120F.P0120L
.IVP0120PB.TVF01205.IVP0120L anp | 1@ PSV01208.PSV012015C.PSV0120150.PSV012013. FSV0120F B.PSV0120L
9) BP0120B.BP0I20PB.BP0120L 11}  PSV0120PB.PSV012015C.P3V0120I50.P3V0120B.PSV01203.PSV0120L

12) PSV0120L.PSV0I120I50. PSV0120150. PSV0120B.P5V0120PB. PSV01205

13) PP0120FM.FP0120FS0.FPP0120F0.PPO120L

14) PP0120L.PPO126FS0.PPO120FO .PPOI20FM

15y  P0109L.FG1098.P0109F.FO109FPB

16}  P0110L.F0110B.P0110F.F0110PB.POI09E. IV P01208.1VP0120FC.CTO120F

17) PoOl11L.FOi11B.POLI1F.FO111FB.F0I098. PO110B.FOI1 10F . IVPOL 208
JIVPUTZ0FC.CTO120F

18) P0112L.F0112B.F0112F.F0112PE.P0109B .POT10B.PO110F.POI11B
.PO111F.IVP0120B.IVPO120FC.CT0120F .BPO120B

19}  P0113L.P0113B.P0113F.F0112PB.P01095.F0110B.POI10F . FOI11B
.POI11F.P0112B.PO112F.IVP0120B.IVPQ120FC.CTU120F .BFO120B

20) BPO0120L.BP01208.BP0120PE.F0109B.PC110B.PO110F.FO111B
.POI11F.IVPC120B.IVPD120FC.CTO120F

Table D.41: Prime implicants for unexpected partial flow at IVP0120 when low flow

is required in the ACTIVE operating mode -Table 2
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Fault and Success Trees for the Fuel Rig when ACTIVE or DORMANT Fault Trees

Number Prime Implicants

1)  PO118PE.PP0120FQ,PO118F.P(118B.PO118L. F0107B.PO1G7F.POI08B.FO108F
.F0109F.P0119B.POL19F . P0120B.IVP0120F0. PP0120F50.PSV0120I5C.PSV0120B.CT0120T. FPO120FSC. PPO120FM.PP0120L
2)  PO118L.PP0120FQ.F0118E.F0118PB.F0118F . P01075. PO10TF.PO108E. PO10GF
.POT05F.P0119B.PO119F . PO120B.IVFP0120rC . PPUI120FS0.PSVOI20I5C. PSVO0120B.CT0120T.PPO120F50. PPO120F M. PPO120L
3}  P0118PB.PP0120FO.P0119F.P0119B.P0119L. P0107E . PO1GTF.P0105E.PO105F.PO109F.P0118B.POL18F.PO1208
JIVP0120F0.PP0120F50.PSV012015C. PSV0120B.CT01207 . PP0120FS0.PP0120F M. PP0O120L
4)  POL1BL.PP0120FO.P01195.FPO119PB.PG119F.F01078.P0107F. PO108B.PG108F. PO10SF .PO1188 . PO118F. P0O120B
IVP0120F0.PFO120F50.PSV0120ISC. PSV0120B.C 101201 . FPO120F50. PF0120F M. FFO120L
5)  P0118PB.PP0120FQ.P0120F .P0120B.P0120L.POI078.PO107F.PG1088 . FO108F. PO10SF . PO114BE. FOL18F.PO1195. PCL19F
IV P0120FO.PP0I20F50.PSV0110I5C. PSV0120B.CT01 20T . PP01 10FS0.PPO1 20F M. PPO120L,

6) PO107PB.PP0120FQ. POLOTF .F0107B.PO107L. PO108B. POI08F.PO109F . PO118B. PO 18F.P0119B. FO119F.F0120B.IVPO120FO

7y  P0107L.PP0120FQ.P0107B.P0107PB.PO107F.PO108B. PO10SF.PO10YF . FO118B.PO118F.FO110E . FO119F. P01208.IVPO120F0
.PP0I20F50.P5V012015C. PSV0120B.CT0120T.PPO120FS0O. FP(1 20F M. PPOI20L

8) P0108PB.PP0120F0.PO10SF.PO108E.FO108L. POICTE.POIOTF.PO109F . PO118B. PO118F.FO110B . FO119F . P0O120B . IVPO120FO
.PP0120F50.FPSV012015C.PSY0120B.CTO120T.PPO120FS0. PPO120F M. FP0120L

9)  P0108L.PP0120F0Q.FP01085.PO108PB.PO10BF.P0107B.POL07F.PO109F.PO118B.PO118F.PO119B. PO110F.P0120B.IVPO120FO
.FP0120F50.PSV012015C.PSV0120B.C10120T.PP0120F50.PPO120F M. PP01 20

10)  PO109L.PP0120F0.POI09E.POI09PE.POI09F. POIGTB.POI0TF. FO106B.PO108F.PO118B.POL18F.PO1198.FO119F . F0120B
IVP0120F0. PP0120F80.PSV010ISC. PSV0120B.C 10120 . PP0O120F30. PPO120FM.PP01200

11)  P$V0120S.PPC120FO.PSVOI20IS0.PSY012015G. PSVO1Z0P B. PSV01208. P§SV0120L.P0107B.POJ0TF. PO108B.PO108F . POLOSF
.P0178B.F0118F.F01198.P0119F.PU1208. IVPOI20F0.PPO120FS0.CT0120T. PPO120FS0.PPUI20FM . PPOI 201

12}  PSV0120PB.PP0120FO. P5V0120ISC.PSV01205. PSV01208.PSV0120I5¢. PSV0120L. P0107B.PO107F . PO108B. PO108F. PO D9F
.F0118B.F0118F.F01198.F0110F.FO120B.IVB0120F0O.PPOI20FS0.CT0120T . PPOI20F50. PPO120F M. FED 1200

13}  PSV0120L.PP0120FO.PSV01201S0.PSVD1203.PSV0120PB.PSV012015C. PSV0120B.P0107B.P0107F. P0108B.PO108F. POL10GF
.FO118B.FU118F.P0116B.F0119F.PO1208.IVF0120FQ.PPO120F50.CT0120T. PPO120FS0. PP0120FM . FF0120L

14)  IVP01208.PPO120FQ.PSY01201SC. PSV01208.P0107E . PO107F.PO108B. PO108F . PO109F . P01 18B . POL18F.PO119E
.PO115F.P0120B.IVPOI20F0.IVFP0120FC.1VP01205.IVP0120PB.IVP0120L. CT0120 1. PPO120F SO . PPO120F M. PE0120L

15)  IVP0120FO.P0O108PB.FPP0120FO. IVPOI20FC . IVP(120P B.IVP0120B.IVP01205.1VP0120L. FOI09B. PO10SF . PO10SL. PO107B
.PO107F.POI08B.FOI05F.PO118B.PO11EF.PO119B.PO119F. FO120B.PSV0120ISC.P5V0120B. PP0120F S0 . PPO120F M. FP0120L

16)  IVP0120F0.P0110PB.PP0120F0.IVP0120FC .IVF01208.IVPU1108.IVP0120L. IVP0120PB.P01108. FO110F . FOIL10L.PO107E
FPO107F .PO108B.POI0BF . POI09F. PO118B.PO11SF.PO119B. P01 10F. P0120B. PSV012015C. PS V01 208. PP01 20F50. PPO120F M . PFO120L

17)  IVP0120FO.P(11PB.PPO120FQ.IVFOL120FC.IVP0120B.1V PU1203. IV POL20L. IVPO120F B.FO1118.POI 114F . POL11L.F0O1075.PO10TF
.P0108B.P0108F.P0109F.PO118B.PO118F.P01198.POL18F.P0120B.PSV0120ISC. PS V01 20B. PPO120FSO.PPO120FM. PPO120L

18)  IVPOLZ0FQ.P0112PB.PP0O120FQ.IVP0120FC .IVP01208.IVF01205.IVP0120L. IVP01Z20PB.FO112B.PO112F . PO112L.PO10T .POLOTF
.FO1088.PO108F.POI0SF.PO118B.FO116Y.P0O1198.POT19F.P0120B.PSV012015C. PSV0120B. FPO120FSO.PPO120F M. PP0120L

19) IVP0120FO.PO113PE.PP0120F0 . IVPOI20FC .IVPO110B.IVP01205.IVPO110L. IVP0110PB. PO113B.FO113F.P0113L.PO107B . POIOTF
P0T028.PO102F.P0109F.PO116B.FOI15F . PO119B.POL16F.PO1178.PSV0120ISC.PSVOL10B.PPO110FS0. PPO120FM. PPOL10L

20) IVP0120FQ.P0114PB.PP0120F0.IVPOL10FC.IVPGI108.1VFP0120S.IVPO110L.IVP0I10PB.PO114B.PO114F. D0114L.PO107B.PO107F
.F0102B.F0102F.F0109F.F0115B.PG115F.FO119B.P0O116F.P0117E.PSV012015C. PSVOL10B. PPO110FS0.PPO120FM.PPO110L

21)  TVP0120FQ.BP0120PB.PPO120FQ.BPO110B.BPOI10L.IVP0120FC,1IVPO110B.1VFP01105.IVP01 20L.IVP0110FB. POI01B.PO10TE
.F0102B.P0102F.P0106F .PO115B.PO115F PO119E .PC116F .P0117B.PSV01201SC.PSV0110B.PPO110FS0 . PPO120FM . PPOI10L

22)  CT0120T.P0O109PB.PPO120FQ. IVPOI10FC.IVPO110B.C T0120F. PO103B. PO103F. PO109L.F01018.P0101F . FO108B.PO102F
.PG109F.POT168.PO115F . PO119B. PO116F.PO117B. PS V01 2015C. PS V01 10B.PP0O110F5G.PP0120F M.FFO110L

23)  CTO120T.PO110PB.PPO110FO.IVFOII0FC. IVPO110B.CT0110F.P0104B.PO1GAF.FO1I0L. PPO110FSO.PPO110F M. PPO120L
.F0107B.FO101F.P01025.P0108F. PO103F.PO116B.PO116F. PO116B.PO116F. P0120B. P5V0110ISC.PSVCO110B

24)  CT0120T.PO111PB.PPO120FO.IVFO110FC.IVF01108.CT0120F .P01056 .P0105F .POI11L.F01015.PO101F .POLIGSE .PO102F
.PD109F.PO115B.P0115F.PO119B.PO116F.PO117E. PSV012015C.PSV0110B.PP0110FS0.PP0i20FM.PPO110L

26)  CT0120T.P0112PB,PPO126FO.TVP0I10FC.IVEO110E.CT0120F. POL06B. PO106F  PO112L .POI01B.POI0IF. P0308B . POI0ZF
.P0109F.PO115B8.P0O116F.PO119B.PO116F.P0O117B . PSVO0120I5C. PSVO110B.FP0110FS0.PPO120F M. PPO1 10L

26)  CTO0120T.PO113PB.PP0120F0. TVF0110FC.IVP01108.0T0120F . PO1133.F0113F.P0113L. P01018.PO101F . PO108B. POL02F
.PO109F.PO115B.F0116F.PO119B.PO116F.P0117B.PSV0120ISC.P5V0110B.FPO1I0FS0 . PPO120FM .FPO110L

27}  CTO0120T.P0114PB.PP0120F0Q. IVPOIIOFC . IVP0110B.CT0120F.F0114B.P0114F.P0114L. P0101 5. PO101F . PO108E.PO102F
.FG109F.POI15B.PG116F.POL1GB.FO116F.POITTB. PSV0120I5C.PSV0110B.FP0110FS0.PPO1 20F M. PPO110L

28)  CT0120T.BP0120PB.PP0120F0.EF0110B.BP0110L.IVP0O120FC.IVP0110B.CT0110F.PO107B.PO101F.FO102B.POI0TF
.P0109F.PO115B6.P0115F.PO119B.PO116F.P0O117B.PSVO120ISC.PSVOI10B.PP0110F30.PP0120FM . PPOL10L

29) CT0120T.IVP0120PB.PP0120FO.TVPOTI0FC.IVPO110B.1VP01208. VP01 10L.IVPOL10F 0. CT0120F -FOL01 B . POL0TF .PO108B
.POI08F.PO103F.P011658.PO118F.P0116B.PO116F.P0120B. PSVOL10I5C.PEV01108. PP0120FSQ.PPO110FM.PPOI10L

Table D.42: Prime implicants for partial flow at PSV0120 when low flow
is required in the DORMANT operating mode
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Fault and Success Trees for the Fuel Rig when ACTIVE or DORMANT Fault Trees

D.1.21 Partial Flow at PSV0110 when Flow is Required

PFP5VO0110F = (P0101B.PO101F.FP0102B.POI10ZF.POIIGE.PO115F.PO116B.PO116F. P01178.POL03F
PSVo110ISC.PSV0I10B.PP0110FS0.(IVP0110FG.CTO110T. (PPO110FM. PPO110FO
+PP0110L.PPO110FO.PPOII0OFM. PPOT10FS0 + PO115PB.PO115L + P0115L.POI115PB
+P0116PB.POI16L + P0116L.P0116PB + P0117PB.P0117L + P0101PB.POL0IL + P0101L.PO10IPB
+P0102PB.P0102L + P0102L.P0102PB + P0103PB.P0103L + P0103L.PO103PB
+P8V01108. PSVOI10IS0.PSVOI10L + PSV0110L. PSVO0110[50.PSV01103
+PSV0110I80.PSV01105.PSVOI10L + IVP01108. IVP0O110FC.IVP0110B.IVP0110PB. IVPO110FC.IVPOL10L)
+(P0101B.PO101F.P0102B.P0O102F.P0115B.P0115F.P0116B. PO116F.P0117B. PO103F.PSV0110ISC
PSV0110B.PP0O110FS0).{(IVP0110FQ.IVPO110FC.IVP0110B. IVPO110PB.IVP0110S.IVP0110L
+CT0110T.IVPO110FC.IVP0110B.IVPOL10PB.IVP01108. IVPO110L.CTO110F)
-(P0103PB.P010358 P0103F .POI03L + P0104PB.F0104B.POI04F.PO104L
+P0105PB.P0105B.POL0SF.POIOSL, + P0106PB.P0106B.POI0OGE. PO106L
+P0113PB.P0113B.PO113F.P0113L + P0114PB.P0114B.PO114F.PO114L
+BP0110PB.BP0110B.BEP0I10L)} + IVPOL10PB.CT0110T.IVP0I10FC.IVP0110B.IVP01 10FO.[VP01108
JIVPOII0L.CTOL10F.POI0OIB.PO101F.PO1028.FO102F . PO115B.PO115F.P0116B. P01 16F. PO117B. PO103F
JF5V0110ISC.PSV0110B.PPO110FS0). (ACTIVE.DORMANT)

Number Prime Implicants
1}  PP0110FM.PP0110FC .PPO110FSO.PP0110L.FC1C01B. PO101F. PO102B. PO102F . PO103F.PO1158. PO115F. PO116B
.FO116F.P0117B.JVPO110FO.PSV0110I5C.PSVO110B.CT0110T
2) PP0110L.FPG110FO.FPO110FM.PP0110FS0.POI01B.F0101F.PO102B . PO102F. FO103F. PO1158.POL15F. POL16B
JPG116F.P0117B.IVP0I10FO.PSV0I10I5C.PSVO110E.CTO110T
3) P0115PB.PO115F.P0115B.POI15L. FO101B. FOI01F.F0102B. PO10ZF

4) P0115L.PO115B.PO115PB.POI15F.P0101B.P0101F.PO102B.PO102F
.POT03F.P01168.P011GF.PO117B IVPGI10FO.PPOL10F50.PS VU1 1015 C. PSVO110B.CTO1 10T
5} PO116PB.FO116F.P(116B.P0116L.F01015.FO101F.PO102E.PO102F .FO103F.PQ115B.PO115F. PO1178
JIVPOI10FO. PPO110FS0.PSV0110I5C. PSV0110B.CT0110T
6) P0116L.F0116B.PO116PB.PO116F.PO101B.POI0IF. FO102B. PO102F. POIUAF.P0115E.PO115F.FOL17B
JIVP0I10rO.PPO110FS0.PSV011015C.PSVO110B.CTO110T
7)  PO117PB.FO117F.P0117B.P0117L.F01018.P0101F . F(102B.P0102F .PO103F.FO116E.PO115F.PO116E.POL16F
JIVPO110FO.PP0110FS0.PSVOL10ISC.PSVOI10B.CT0110T
8) Po10tPB.POI01F.PG101B.POIGIL. PO102B . PO102F .FO103F. P0115B _POI115F.PO116B. PO1I6F.PO117E.IVPO110FQ
PPOI10F50.PSV0110I5C.PSV0110B.CT0110T
9) PO0101L.P0101B.FP0I01PB.POI101F. PO10ZE.PO102F. PO103F.FO115B.POIIGF.P0116B.PO116F . POL17B.IVPOLI0FO
PPUI10FS0. PEVOI1015G. PSVO110B.CTO110T
106)  P0102PB.F0103F.P0102B.P0102L.PO101B.PO101F. POI0SF.PO116E . POT16F. P0116B.PO116F.POL17B.IVPOI10FO
PPOI10FSC.PEV)130I5C.PSVOL10B.CT0110T
11)  Po102L.P0102B.P0102PB.P0102F.P6101B.PO101F.PO103F.PO115B.P0115F.PO1168.FO116F.PO117B.1V P01 1OFG
PPO110FS3G.F5V0110i5C. PSV0110B.CTOL10T
12) P0103L.P0103B.P0103PB.P0103F.P0101B.P0101F.P0102B.PO102F.PO115B.P0115F. POI16B.PO116F.POILTE
IVPG110FO. FPO110F50.PSVOI101SC. P5VO110B.CT0110T
13)  PSV0110S.PSVD110I50.PSV0110ISC.PSV0110PB.PSV0I110B.PSVO110L.F0101B.PO101F.P0102B, POL02F. PO103F

14) PSVO0110PB.PSV01i0150.PEV01105. PSVE110B.PSVI10I5C. PSVO110L. PO101B.PO101 F.F0102B.PO102F. FO102F

15) PSV0110L.FSVGII101S0. P V(1105. PSVOL10PB.FSV0110I5C. F5 V01108 . PO101 B.POI0LF. PO102B.PO102F . POLO3F

16) IVPO1168.FEVDI10ISC.FEVO110B.P0O101 B . FO101F.PO102E. PO10ZF.FOLOE
.FO115B.PO115F.P0116B. POL16F . PO117B.IVPOL10F0.PPO110F50.IVPO110FC.IVP0110B.1VPO110PB.IVP0110L. CTO110T
17)  TVPO110FQ.P0103FB.IVPOI10FC.IVEG110PE.IVP0I108.1VF0110S. TVP0110L. P0103 8, FOL03F . PO103L
- .P0101B.P0I0IF.P0102B.POI02F.POI16E. PO115F.PO116B.PO116F.P0117B. PSV0I10ISC.PSVOIL0OB
18)  IVPO0110FO.P0104PB.IVPOII0FC.IVPOLI0B.IVP01105.1VPO110L. IVPO110PE. F0104B. PO104F . PO104L
.P0101B.PO101F.PG1025.PO102F . FO103F.P0115B.FO115F.P0116B.POL16F. P01 17B.PSVOI 10180, PS V01103
19)  IVPO110F0.P0105PB. IVPOI10FC. IVPO110E.IVP01108.IVP0110L. IVP0110PE. PO1058. POI06F. PO10SL
.PC101B.POI0IF.P01025.PO102F . PU103F.POL15B.PO116F.POL16B.PO116F.F0117B.PSV0110I5C. PS V01108

Table D.43: Prime implicants for partial flow at PSV0110 when flow
is required in the ACTIVE operating mode - Table 1
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Foult and Success Trees for the Fuel Rig when ACTIVE or DORMANT Fault Trees

Number

Prime Implicants

20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
20}

31)

IVP0110FO.PO106PB.IVPO110FC.1VP0110B.1VP01105.IVP0110L.IVFO110P B. P0O106B. PO106F. PO106L
.P0101E.P010IF.P0102B. POIO2F.POI03F.FO116E, PO115F.PO116B.PO116F.PO117E. PO VO110I5C. PS V01108
IVPO110FQ.PO113PR.IVP(I I0FC.IVP(I10B.IVP01105.IVPOL10L. TV POL10PE. P01738. PO115F.F0113L
.P0101B.PO101F.P01028.P0102F.F0103F.P0115B.P0116F . PO1168.P0116F . PO117B.PS V01 1015C.PSV0110B
IVP0110FQ.PO114PB.TVPOI10FC.IVP0110B.IVP01105. IVP0110L. IVF0110P B, PO1145. PO114F. PO114L
.P0101B.P0101F.P0102E . P0102F.PO103F . PO115E . FO115F.P0116B.PO116F.F0O117B.F5 VO110ISC. PSV0110B
IVPO110FQ.BP0110PB.BF0110B.BP0110L.IVPO110FC.IVPO110B.IVP01103.IVPO110L. IVP0110P B
.P0101B.PO101F.P0102E. POL02F.POIGSF. PO115B.POL 15F . POL165.P0116F.PO117B.PSV0110ISC. PSVOL 108
CTO110T.PO103PB.IVPO110FC.IVP0110B.CT0110F . PO103B. FO103F. PG103L
.P0101B.P0101F.P0102B.P0102F.P0103F.PO115B . POL16F. PO116B.PO116F . PO117B.FSV0110I5C.FSV0110B
CT0110T.P0104PB. TVPOI10FC. IVF0110B.CT0110F. PO104B.FO104F . PO104L
.P0I01B.POI1GIF.PO102B.PO102F. PO103F.POL15B.P0116F.POL16B.PO116F.P0117B-PS VOL10ISC. PGSV 01108
CT0110T.PO10SPB.IVPOL10FC.IVPOLI0E. CT0110F,. P0I06B. PO10SF. PO105L
.POI01B.FO101F.PO10ZB.PO102F.FO103F.PO1158.PO115F.P0116B.PO116F.PO117B.PSVD1101SC.PSV0110B
CTO110T.P0106PB.IVP0110FC.IV PO110B.CT0110F. P01065. FOI06F .FO106L

P0101B . PO10LT .PG102B.PO102F.POI03F.PO115B.POI16F.PO116B.PO116F. PO117B.PSVOI1015G. PGS V01108
CTO0110T.PO113PB.IVPOII0FC.IVP0110B.CTO0110F.P0113B.PO113F.POI13L
.F0101B.P0101F.P010ZB.P0102F . PO103F. PO115B.PO115F.PO1165.FO116F . PO117B. PSV0110ISC.PSVO110B
CT0110T.P0114PB.IVP110FC.IVP0110B.CT0110F . P0114B.PO1 14F. PO114L
.P0101B.F0101F.POI102B.P0102F.P0103F.P0115B.PO115F.PO116B.PO116F. PO117B. PS V01 101SC. PSVO110B
CT0110T.BP0110PB.BF0110B .BPOLI0L IVFOI10FC.IVPCOI 108, CTOLI0F

.P0I01B.F0101F.P0102B.PO102F. PO103F.PO1158.PO116F.P01166.POIT6F. PO117E. PSVOI10I5C. PSV01108
CTO110T.IVP0110PB.IVP0110FC.IVP01108.IVFG1105.IVPOL10L.IVP0110F0O.CT011 0F
.P0101B.P0101I".P01028 . PO102F.FO103F.P0115B.PO115F.PO116B.PO116F. PO1178.PSV011015¢. PSV0110B

Table D.44: Prime implicants for partial flow at PSV0110 when flow

is required in the ACTIVE operating mode - Table 2

D.1.22 Partial Flow at PSV0120 when Flow is Required

PFPSVO0120LFA

= (P0107B.P0107F.F0108B.POL0&F.P0O118B.P0118F.P0119B.P0119F.P01208, FO109F
PSV0120ISC.PSV0120B.PP0120FS0.(IVP0120FC.CT0120T. (PP0120FM. PP0120FO
+PP0120L. PPO120FO. PPO110FM.PPO110FSO + P0118PB.PO115L + P0118L.P0115PB
+P0119PB.F0119L + P0119L.PO119PB + P0120PB.P0120L + P0107PB.PO107L + P0101L.PO1G7TPB
+P0108PB.FO108L + P0108L.P0108PB + P0109PB.PO10SL + P0109L. POIOSPB
+P8V(01208.PSV01201SO.FSVD120L 4 PSV0120L.PEV0120I50.PSV0I205
+PSV01201S0. PSV01205.PSV0120L + IVP01208.IVP0120FC.IVP0120B.IVP01 20PB. IVP01 20FC. IVP01 20
+(P0107B.P0107F. POI0AB. P0108F.PO118B.PO118F.P0119B. PO119F. P01 208. PO109F. PSV01201SC

+CT0120T.IVP0120FC.IVP0120B. IVP0120PB.IVP01108. [VP0120L.CT0120F)
.(P0109PB.P0109B.FOI0SF.P0O109L + P0110PB.POT10B.PO110F.PO110L

+P0111PB.POI11B. PCLIIF.FOI11L + PO112PB P0I12B . PO112F.P0112L
+P0113PB.PO113B.P0113F.PO113L + P0114PB.P0114B.POL14T.PO114T,
+BP0120PB.BP0120B.BP0120L)) + IVP0120PB.CT0120T. IVP0120FC.IVP0120B.IVF0120F0.IVP01205
JIVP0120L.CT0120F.P(107B. P0107F. P0108B. FO108F. P0i18B. PO118F. PO119B. PG11SF. P0120B. PO1 (9F
.P5V0120I8C.PSV0120B.PP0120F30).(ACTIVE.DORMANT)

Number

Prime Implicants

)

2}

PP0120FM . PPGI20FO . PPO120FS0.FPO120L.P0O107B.FO107F .FO108B .PO10BF .FO109F .PO118B .FO118F .FO119B

.PO116F . P 20B.IVP0I20FO . PSVOINISC.PSV0120B.CT0120T

PP0120L.FP0120F0.FPO110FM . PP0120FS0.P0107B.PO107F. PO108B. PO10SF. PO10SF. P01 188B. PO118F.FG119B
.PD119F.P0120B.IVP(120FO. PSV012015C. PSV0120B,CT0120T

Table D.45: Prime implicants for partial flow at PSV0110 when flow

is required in the ACTIVE operating mode - Table 1
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Fault and Success Trees for the Fuel Rig when ACTIVE or DORMANT

Fault Trees

Number Prime Implicants
3) PO0118PB.PO118F.PO118B.F0118L.P01075.PO10SF. FO108B.FO108F
.POI09F.PO119B. P31 19F.PO120B.[VPO120F0. PPO120F SO. PS V01 2015C . PSV01208.CTO120T
4)  P0118L.PO118E.P0118FB.P0118F.P0107E. POIGIF. POLGBE. FO108F
.P010oF.P0119B.P0119F.P0120B.1VP0120FC.PPO120FSO.PSVO120ISC. PSV0120B.CT0120T
58)  P0119PB.P0119F.P0119B.FP0119L. POID7E.POI07F. PU105B, POLOSF . PO10OF. PO118B. PO118F.P0120B
IVP0120FO.PPO110FS0.PSV012015C.P5V0120B.CT0120T
6)  P0115L.POI19B.P0119FPB.P0119F.P0107B. POIG7F.PO10BE. PO108F. POLOSF.PO118B.POI18F . PO120B
IVPO120FC.PF(L20F50.PSV012015C. PSVO120B.CT0120T
7}  P0120PB.POI20F.P0117B.P0120L.FO1078.P0107F. PO108B. POL0BF.PO109F. PO 183. PO118F.PO1198. FOL19F
IVP0120FC PPOI20FS0.PSV012015C. PSV0120B.CT0120T
8) P0107PB.F0107F.FO107B.P0107L. PU108E.PO10SF.PO109F . PO1185.PO118F.P0O119B.FO1 10F .P0120B. 1V P01 20F O
_FPD120FS0.P5V(12015C.P5V01208.CT0120T
9} P0107L.FO107B.FP0107FB.POI0TF.PO108B. POI0SF.POL0SF.P0118B.PH118F.POL19B. P0119F.P0120B.1VP0120F 0
.PP0120FS0.PSV0120I5C.PSV0120B.0T0120T
10) P0108PB.POI02F.P0108B.PO10SL. POLOTE. FO107F.PO109F.POI11BE. P01 18F, PO119B. PO119F . PO12GH . IV P01 20F 0
.PP01Z0FS0.PSV012015C. PSV0120B.CT0120T
11}  P0108L.F010zB.P0108P8.F0108F.P0O107B. PO107F.POL09F.POI15E. PO118F. P01 198, PO119F. P0120B.IVP0120F0
.PP)120F50.PSV(H 20I53C. PSV0120B.CT0120T
12) P0109L.F0103B.PO10SPB.POL09F.PC107B.PO107F. PO108B.POI0SF.PO118B.P0OI1BF.P01198. P01 19F. PO120B
.IVP0120FO.FPU120FS0. PSVD1 2015C.PSVO1208.CT0120T
13)  PSV01208.PSV0110150.PSV0120ISC.PSV0120PB. P5SV0120B.PSV0120L. 01078 . POIGTF. PO108B. PO108F . PO109F
TF0116B.P0118F.F0119B.F0119F.P01208.1VP0120F0.PPO120F50.CTOL20T
14) PSV0120PB.P5V0120I50.P5V01208. PSV0120B.PSV0120I5C. PSVO0120L.FOI0TB.P0107F.PO108B. POL0BF . POL0OF
.F0118B.P0118F.F01195.P0119F.PO110B. JVP0110F0.FPO120F30.CT0L10T
15)  PSv0120L.PSV0110150.PSV01103.PSV0120PB. PSV011015C.PSVO110B.P0107B. PO107F . PO10EB . PO108F . PO109F
.F01188.P0118F.P01198.PO119F.F0120B.IVF0120F0 . PPO120F 50.CT0120T
16}  IVP0120S.PSV0I20I5C.PSV01208.PO107E . PO107F . PO108E. PO10SF. POI0SF
.P0118B.P0118F.F0119B.P0119F .P0120B.IVP(120F0.PPGI20F50.IVPH20FC. IV P01 20B.1VP0120PB.IVP0120L.CT0120T
17)  IVP0120FQ.P0109PB.IVP0126FC.IVPO120PB.IVF01208.1VF01205.1VP0120L. PO109B. F0193F . PO109L
.F0107B.P0107F.F0108B.P0108F.PO118B.F0118F. PO1168. PO119F. PG 20B. PSVOI1 2018 C. PS V01208
18) IVP0120FQ.P0110PB.IVPO120FC.IVPOI20B.IVP01203.IVP012Z10L. IVP0120PE. P0O110B. FO110F . PO110L
P01075.P0107F .P01085.FOI08F . POI0OF . P0118B.POL18F . PO1198.PO110F . FO120B. PS V0120150 PS V01208
19}  1VP0120FQ.P0111PB.IVP0120FC.IVP0120B .IVP01203. IVP0120L.1VP0120FE.PO111B.POI11F.POI11L
.P01G15.FO107F.P01083. PO10F . PUI09F . PO1188. PO1 16F . P0119B8.PO119F. P0120B PS5 V0120150. PS V01208
20) IVPO120FO.P0112PB.IVFP0120FG.IVP0120B.1VP(01203.1VP0120L. IVP0120P B.PO112B.P0112F.PO112L
.F0107E.PO101F.P0102B.PGI08F.POI0OF. PO116B. PO110F. PO1195. PO116F. P0120B.PSV0120I5C. PS V01 108
21)  IVP0120FO.P0113PB.IVPOI120FC IVP0i10B IVP01205.TVP0120L.IVPG120PE, P0O113B .FO118F.PO115L
.P0101E.P0107F.PO108B. PO102F.PO103F.PO118B.PO115F.P0116B.PC119F. PO117B.PSV0110I5¢. P3 V01308
22)  IVP0120FQ.P0114PB.IVPOLI0FC.IVPOI30B.1VP0120S.IVPO110L. IVPO130PB. P01145. PO114F . PO114L
P0107B.P0O101F.PO108B. P0O108F.PO10GF. PO116B. PO116F.PO1169. P01 19F. P01 20B.PSV012018C.PS V01308
23) IVP0O120FQ.BP0120PB.BPG120B.BP0130L.IVP0120FC.IVP0120B.IVP01305.IVP0120L. IVP0120PB
.Po101E.F0101F. P01 0Z8.PC108F .PO103F .PO116B .P(H 18F .PO116B.F0O116F .P0O120B . PSVO0I10I5C.PSV0110B
24)  CT0120T.PO109PB.IVPOIIGFC . IVPGI10B.CT0120F. P0103B.P0103F.PO10OL
JP01075.FO107F. PO106B.POI0F . PUL0SF . PO118E. POL18F . PG1198. PO119F. PO120B PS V0120150, PG V01208
25}  CTO0120T.PO110PR.IVPOI20FG .IVP0120B.CT0120F . PO110B. PO120F . PI10L
.P01075.PO107F.PO108B. PGL0BF. POL09F. PO118B. POL18F.PU119B. PO119F. PO120B. PS V0120150, PS V01208
26) CT0120T.P0111PB.IVPO1Z0FC . JVP01208.CT0120F. PO111B .POIL1F .POTIIL
.PO167B .P0107F.P0108B.POI08F.PO10SF.FO118E.PO1IBF.PO119B.PO119F. P0120B . PSV0120ISC.PS V01208
27}  CT0120T.P0112PB.IVPDI120FC.IVP0I20B.CT0120F.PO112B.PO112F.PO112L
.P0107B.P0107F.F0108B.FO108F.PO109F . PO1188.PO118F.PO1195.PO119F. P01 20B. PSV012015¢. PS V01208
28) CT0120T.P0113PB.IVPO120FC.IVP01208.CT0110F.PO1136.PO113F.PO113L
P0107E.POL107F.PO108B. PO1068F . POL09F. PO118B8.PO118F.P0119B.PO119F. P0120B . PSV01201SC .PSVO120B
29)  CT0120T.PO114PB.IVPOI2GFG . IVP01208.0T0120F . P0114B.PO114F. FO114L
.P0107B .P0107F.P0108B.PUI0BF.FO105F . PO118E. POI18F.PG1198.P0119F. P01 20B.PSV012015C.PS V01208
30) CT0120T.BP0120PB.BP0120B.BP0120L. IVP0120FC.IVP012E0B.CT0120F
.P01075.P0107F. P0108B. POL08F. PUI09F . PO1188.POL 18F.P0119B. PO110F. P0O120B. PS5 V0120150, PS5 V01208
31)  CTM20T.IVP0120PB.IVP0120FC.IVP0120B.IVP01205.IVP0120L. IVP0O120F0 . CT0120F

.P01078 .P0107F.P0108B.POI0SF.PO10SF . PO118B. PO118F.PC1198.POL19F.P0120B. PSV0120I50. PSV0O120B

Table D.46: Prime implicants for partial flow at PSV0110 when flow
is required in the ACTIVE operating mode - Table 2
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Fault and Success Trees for the Fuel Rig when ACTIVE or DORMANT Success Trees

D.2 Success Trees

D.2.1 Working Low Flow at IVP0130

SUCCESSLFIVP0130 = IVP0130FO.CT0130T.IVP0130S

D.2.2 Working Flow at IVP0110

SUCCESSHFIVP0110 = DORMANT.P0101B.P0I01F.P010iPB.P0101L.P0102B.P0102F.P0102PB
.P0T02L.P0103B.P0103F.P0103PB.P0103L.P0104B.P0104F. PO104PB.P0104L,
.P0105B.P0105PB.P0106B.P0106PB.P0113B.P0113PB.P0114B.P0114PB
JVP0110FC.IVP0110B.CT0110F.IVP0110PB.IVP(1108.1VP0110L.BPOI 10B
.BP0110PB.PP0110FSO.PP0110FM.PP0O110L

D.2.3 Working Low Flow at IVP0110

SUCCESSLFIVP0110 = DORMANT.IV0110FO.CT0110T.IVP0110S

+ACTIVE.PPO110FQ.1V0110FO.CT0110T.IVP0110S

D.2.4 Working Flow at IVP0120

SUCCESSHFIVP0120 = DORMANT.P0107B.P0107F.F0107PB.P0107L. P0108B.P0108F.P0103PB
.P0108L.P0109B.PO109F.P0109PB.P0109L.P0110B.P0i10F.PO110PB.P0O110L
.P0111B.P0111PB.P0112B.P0112PB.P0113B.P0113PB.P0114B.P0114PB
IVP0120FC.IVP0120B.CT0120F.IVP0120PB.IVP0120S.1VP0120L.BP0120B
.BP0120PB.PP0120FSO.PP0120FM.PP0120L
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Foult and Success Trees for the Fuel Rig when ACTIVE or DORMANT Success Trees

D.2.5 Working Low Flow at IVP0120

SUCCESSLFIVP0120 = DORMANT.IV0120FO.CT0120T.IVP0120S
+ACTIVE.PP0120FO.IV0120FO.CT0120T.IVP0120S

D.2.6 Working Flow at IVP0130

SUCCESSHFIVP(130 = DORMANT.P0113B.P0113F.P0113PB.P0113L.P0114B.P0114F

D.2.7 Working Low Flow at IVP0130

SUCCESSLFIVP0130 = DORMANT.IV0O110FQ.CT0110T.IVP0110S.IV0120FOQ.CT0120T.IVP01208
+ACTIVE.PP0110FO.PP0120FO.IV0110FO.CT0110T.IVP0110S.IV0120FO
.CT0120T.IVP0i20S

D.2.8 Working Flow at IVP0111

SUCCESSHFIVP0111 = DORMANT.P0101B.POI0IF.P010iPB.P0101L.P0102B.P0102F.P0102PB
P0102L.P0103F.P0103L.P0115B.PO115F.P0115PB.P0115L.P0116B.PO116F
.P0116PB.P0116L.P0117B.P0117PB.P0103B.P0103PB.P0104B.P0104PB
.P0105B.P0105PB.P0106B.P0106PB.IVP0110FO.IVP0110S.IVP0I10L
PP0110FSO.PP0110FM.PP0110L.PSV0110B.PSV0110L.PSV0110ISC

D.2.9 Working Low Flow at IVP0111

SUCCESSLFIVP0111 = DORMANT.P0103B.P0103PB.P0104B.P0104PB.P0165B.PQ105PB.P0106B

IVP0O110S.IVP0110PB.BP0110B.BP0110PB
+ACTIVE.PP0110FO
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Fault and Success Trees for the Fuel Rig when ACTIVE or DORMANT Success Trees

D.2.10 Working Flow at IVP0121

SUCCESSHFIVP0121 = DORMANT.P0107B.P0107F.P0107PB.P0107L.P0108B.P0108F.PO108PB
.P0I08L.P0103F.P0103L.P0118B.P0118F.P0118PB.P0118L.P0119B.PO119F
.P0119PB.P0119L.P0120B.P0120PB.P0109B.P010SPB.P0110B.P0O110PB
.P0111B.P0111PB.P0112B.P0112PB.IVP0120FO.JVP(1205.IVP0120L
.PP0120FS0.PP0120FM.PP0120L.PSV0120B.PSV0120L.PSV0120ISC

D.2.11 Working Low Flow at IVP0121

SUCCESSLFIVP0121 = DORMANT.P0109B.P0109PB.P0110B.P0110PB.P0111B.P0111PB.P0112B
.P0112PE.P0113B.P0113PB.P0114B.P0114PB.IVP01 20FC.IVP0120B.CT01 20F
IVP0120S.IVP0120PE.BP0120B.BP0120PB
+ACTIVE.PP0120FO

D.2.12 Working Decreasing Level at LT0110

DecLevelLT0110 = DORMANT.TK0110R.TK0110L.P0121F.P0121L.IVP0130FO.CT0130T.IVP01305
JVPOL30L.P0101F.P0101L.PP0110L.PO107F,PO107L.PP0O1 20L

D.2.13 Working Constant Level at LT0110

ConstLevelLT0110 = DORMANT.TK0110R.TK0110L.P0101F.P0101L.P0102F.P0102L.P0103F
.PO103L.P0115F.PO115L.POIT6F.P0116L.PPO110L.IVPO110L. PSV0110L
.P0167F.P0107L.P0108F.P0108L.P0109F. PO109E. P0118F.P0118L.POI10F
PO119L.PP0120L IVP0120L.PSV0120L.P0121F.POI21LIVPO130FO

CT0130T.IVP01303.1VP0130L.PO107F.PO107L.PP0120L.IVPO110FO
JIVP0120FO

P0103L.P0115F.P0115L.P0116F.P0116L.PPO110L IVPO110L.PSV0110L
.P0I07F.P0107L.PO108F. PO10SL.PO109F.P0109L. P0118F.PO118L.PO119F
P0119L.PPG120L.IVP0120L.PSV0120L.P0121F.PO121 L.IVP0I30FO
.CT0130T.IVP0130S.IVP0130L.P0107F. P0107L.PP0120L.IVP0110FO
IVP0O120FQ.PP0110FO.PP0120FC
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Appendix E

ACTIVE Fuel Rig Results

E.1 Results for Both Lines

LEVEL MAIN REGYCLE | STREAM | RECYCLE | STREAM DRAIN Reaults Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LTO0110 FTO130 FTO111 FTO110 FT0121 FT0120 FT0100 R nay
.
P L ] ] |
T T T T TV 1,4,13,16, 17, 20, 21, 24, %3_5'6' 85, 68, 69, 72, 73, 76, 469, 473, 481, 484, 485, 488, 4B9, 492, 521, | N -
Scenarlos | 524, 533, 536, 537, 540, 541, 544, 677, 680, 689, 692, 693, 696, 697, 700, 729, 732, 741, 744, T45, 748,
749, 752, 905, 908, 917, $20, 921, 924, 925, 928, 957, 960, 969, 972, 973, 976, 977, 980
Rm | 1
b | ]
Scenarlos | Dependent upon patterns on LineL1.  _  _~ ~ T T T T T T T oo T T T m
RL
1
ps 27 | 27 27
Beenarios | 1777 1780, 1813, 1616, 2245, 2248, 2381, 2264~~~ T~ T - T T~ T 7 T T T T
N =
pso 18 | 18 18
Scenarlos | 1785, 1768, 1768, 1772, 1801, 1804, 1306, 1808, 2233, 2236, 2237, 2240, 2260, 2272, 2273, 2276 |
bs — 126 | 126 126
Seenarlos | Tﬁs'r?rs_, iggs, 1612° T T T TTTo o oo emmom o mEmsm e e T T
e =
Ps 24 | 24 30
Scenarlos | T7§5'17'88_. 2253, 2286 TTToTTToEsTEmaTEE T T E T
s RLJ\ j
psol | L — L 360 | 360 a7
Beenarios | Tr7. 1800, 2368, 2968 T T T T T T T o T TS s S s et ==
el ] |
PS | ) ~ w02z | 102 102
Scenarlos | 7753_17_96,' 2261, E ettt

Table E.1: Flow and level patterns for the main tank when there is a linearly decreasing

level and no flow out of the tank in the ACTIVE operating mode -
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM | DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Pogsibilities
LT0110 FT0130 FTO111 FT0110 FTo121 FT0120 FTO100 e | nes nay
RL ]
7
Ps | J J J 18 18 18
Seenarios | 1621 1624, 1657, 1660, 1673, 1676, 1708, 1712, 2089, 2002, 2125, 2128, 2141, 2144, 2177, Z180
RL 1 }
8 _] ‘|
Psi 3 5 5
Scenarlos |' Tﬁﬁs,"m_lz— 1613, 1616, 1645, 1648, 1649, 1662, 1661, 1664, 1665, 1668, 1697, 1700, 1701, 1704, |
2077, 2080, 2081, 2084, 2113, 2116, 2117, 2120, 2129, 2132, 2133, 2136, 2165, 2168, 2169, 2172
RL 1
g
rs — s | 35 3s
Scenarlos | 1617, 1620, 1653, 1656, 1669, 1672, 1705, 1708, 2085, 2088, 2121, 2124, 2137, 3140, 2173, 2176~ |
0 RL b ]
1
Ps 24 | 24 24
Scenarios | 16201632, ied1, 1684, 2097, 2100, 2149, 2152 T T T T T T o T T T o T T T T
RL ]
1
v — 351 | 351 405
Seemarios | 1641.71644, 1693, 1686, 2109, 2112, 2161, 2184 T T T T T T T T T m T T
RL 4
12
Ps — — 21 | 27 27
SBcenarios | T6§7_16'40_ 1689, 1692, 2105, 2108, 2167, 2160~ T T T TS T T T T oo T T
RL
13
ps — 126 | 126 126
Beenarios | 1725 1728, 1761, 1764, 2193, 2196, 2229, 2232~ T T T T T T T o T T o T
RL ]
14
s — as | 35 as
Scenarlos | 1718, 1716, 1717,71720, 1749, 1752, 1753, 1756, 2181, 2184, 2185, 2188, 2217, 2220, 2221, 2224 |
HL
15
. R — 49 | 49 49
Seenarios | T72t J1724, 1757,1760, 2189, 2192, 2228, 2228~ T T TS oTmEmmEmso- T
AL 1
16
ps — 168 | 168 196
Scenarios | 1757, 1760, 2298, 2536 T~ T T T - T T T T ST Sms - - ===
RL
17
PS 1 1 \ 49 49 49
Boomarios | TTAI 1744, 2309, 2072 T C - T TS T T T o s s ot s — = sl e s — =y
s RL 1
1
PS 24 | 24 30
Soemarios | 1851 N T A
9 RL i o
¥ s 24 | 24 24
Scenarlos | 1869, 18372, 1673, 1876, 1905, 1908, 1609, 1812~~~ ~ 77 T T T T T T T T
RL 1
20
P ) —— 168 | 168 196
Beonasios | 1877 J 1880, '913."19?6' TTTTToTomsommmEmm ST T T T T
RL 3
21
P — 24 | 24 34
Scenarlos | 1901, 1904 ST T T To T o s e e s T
RL ]
22
o — — 136 | 136 136
'S&EaEDZ"TSET_choch _______ ST T TTT T T T T e T T T
RL
23
S0 ) 360 | 360 471
Scenarlos | 2037, 2040, 2073, 2076 oS TTTomEmm o E s E s T

Table E.2: Flow and level patterns for the main tank when there is a linearly decreasing

level and no flow out of the tank in the ACTIVE operating mode - Table 2
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FT0111 FT0110 FTo121 FT0120 FT0100 ni | nes nay
RL 1
24 351
ps — i L i 351 405
Bcanarios | 2025 2028, 2095, 2032, 2061, 2064, 2065, 2068 CTeT T T o T m T
RL 4
25 — ] 24
P8 — 22 34
Scenarios 2045,"2&13' -TTeoTEmEEmOEEEET TTToTTT oo s E T
RL
26 0 102
pacy " — 102 102
Scenarios | 1985, 1988, 2008, 2012, 2013, 3016, 2021, 2024~~~ T T T T T T T o T T T T T
"I o
a7
- \ \ 27 | 27 27
Scenarios | 1073 , 1976, 1977, 1980, 2008, 2012, 2013, 2006 T T T T T T TTT T
RL
28 4 49
PS [ R 9 43
Scenarios | 1981 ,1884, 2017,2020 T T T TS TTTo oo ToToTesT -TTTT
RL{J\ J i
29
PS I ) = 136 | 136 136
Beenarios [ 1093 1906 T~ ~ - ST TooTmEms e m e Em e T T
RL
30 1 16 1
P ) ) ) ) 6 6
ééx?ar‘io?"ioil_ﬁo&' _________________ oo TmTmrmm s s T T
Effectiveness Index Ip 0.933

Table E.3: Flow and level patterns for the main tank when there is a linearly decreasing

level and no flow out of the tank in the ACTIVE operating mode - Table 3

LEVEL MAIN | RECYCLE | STREAM | RECYCLE | STREAM | DRAIN Resulis Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LTO110 FT0130 FTO111 FTO110 FT0121 FT0120 FT0100 R nag
RL n]\ ]
bso | |
= = =1 1,4,75 15, 17, 20, 21, 24, 53, 55, 65, 63, B9, 72, 73, 76, 469, 473, 461, 484, 485, 486, 480, 492521, | ) -
Scenarios | 524, 533, 536, 537, 540, 541, 544, 677, 680, 689, 692, 693, 696, 697, T00, 729, 732, 741, T44, 745, 748,
749, 752, 905, 908, 917, 920, 921, 924, 925, 928, 957, 960, 969, 972, 973, 976, 977, 980
RL -\ ] ]
PS80 | " " -
Béenarios | Dependent upon patterna on Line L1. - T TTTTTT T T
RL 4
1 \ 301 | 301 301
Heenarios | 1777, 1780, 1813, 1816, 2245, 2248, 2281, 2264  __~~ T 77T~ T T T
RL ]
E \ ] 98 | o8 o8
Seenarlos | 1778, 1314, 2248, 2782 T T T T T T T T 7 T TT T T

Table E.4: Flow and level patterns for the main tank when there is a non-linearly decreasing

level and no flow out of the tank in the ACTIVE operating mode -

Table 1
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM | DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FTo111 FTO110 FT0121 FT0120 FTO100 T | neg ne;
3 RL
— 49 | 49 49
_____________ - e s e e . A s
Scenarios 1779, 181b, 2247, 2283
RL 1 h
4
¥ 120 | 120 120
Beenarios | 1765, 1768, 1769, 1772, 1801, 1804, 1805, 1808, 2233, 2236, 2237, 2240, 2269, 2272, 2273, 2276 |
RL 1 ! -
5 N | 42 | 42 42
Scenarios | 1766, 1770, 1802, 16806, 2234, 2238, 2270, 2374~~~ ~ T T T T T T oo T T T T
RL J
6 , — 21 | 2 21
Scenarios | T?Ev"ﬂ_n_ 1803, 1807, 2235, 2239, 2271, 2275 T T T T T T T o T T T T
s
— 63 | 63 63
Scenarios | 1773, 1776, 188, 16127~~~ T T T TTTmooommm o m o m T m T
RL 4
8
320 | 320 380
Boomardos | Treb 1784, 23853,3%6 T T L T T T T T m T o s =dm o o=ede o=y
RL ] ]
g
112 | 112 140
Scenarios "1'75'8'22'5(" -TooTTosTmmEmessm o E s o E s T
HL b
10
) 56 | 56 70
Scenartos | 1787, 2285 T T T TooToTmooTmoEmmmom oo m T T T
RL
11
) 229 | 229 267
Scenarios | 1797, 1800, 2265, -22-68_ ot TToommEmEmm o EE T TorT T m T
RL
12
-| ] — | 17 | 17 17
Scenarios | 1793, 1796, 2261, 2964 T ToToTomEmTmoTEsmmTEEEE e
. | 4
! 120 | 120 120
Geenarios | 1621, 1624, 1657, 1660, 1673, 1676, 1709, 1712, 2089, 2092, 2125, 2128, 2141, 2144, 2177, 2180 |
4 RL ] ]
1 42 | a2 12
Scenarios | 1622, 1658, 1&71,‘17?0_2590, 7126, 2142, 2178 T T T T TS T T T T
RL b
15
— 21 | 21 21
Hcenarioa | 1623, 1659, 1675, 1711, 2091, 2127, 2143, 2179 ST T T T T T T T T T T
RL ] ]
16 1 ]
___________________ 25 | 25 25
Scenarios | 1609, 1612, 1613, 1616, 1645, 1648, 1649, 1652, 1661, 1664, 1665, 1668, 1697, 1700, 1701, 1704,
2077, 2080, 2081, 2084, 2113, 2116, 2117, 2120, 2129, 2132, 2133, 2136, 2165, 2168, 2169, 2172
RL ]
7 1 ] ] 10 | 10 10
Scenarios | 1610, 1614, 1646, 71650, 1662, 1666, 1698, 1702, 2078, 2082, 2114, 2118, 2130, 2134, 21686, 2170 |
RL 4 b
18
— 55 | 56 55
Bcenarios | 1611, 1647, 1651, 1663, 1667, 1699, 1703, 2079, 2083, 2115, 2119, 2181, 2135, 2167, 2171
RL ]
19
 — 45 | 45 45
Bcenarios | 1617, 1620, 1653, 1656, 1669, 1672, 1705, 1708, 2085, 2088, 2121, 2124, 2137, 2140, 2173, 2176 |

Table E.5: Flow and level patterns for the main tank when there is a non-linearly decreasing

level and no flow out of the tank in the ACTIVE operating mode -

Table 2
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ACTIVE Fuel Rig Resulis

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Resuits Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FT0111 FTO0110 FT0121 FT0120 FT0100 n | ne; nag
RL ] ]
20
— 18 | 18 18
_____________ -l _ T, o1 =1l =]
Soenarios | T618, 1654, 1670, 1706, 2086, 2132, 2138, 2174
RL ]
21
— 9 9 9
Scenarlos | 1619, 1885, 1671, 1707, 2087, 2123, 2189, 2176~~~ —-T- T T o T Tm =TT
RL
22
] ] 120 | 120 120
Scenarios | 1629, 1632, 1681, 1684, 2097, 2100, 2148, 2182~~~ T T T T T T T T T T T T
s |t ]
) ] ] 48 | 48 48
Scenarios | 1630, 1682, 2098, 2150 oo oTmTms T e TTToT T 1
RL f -
24
— 24 | 24 24
Seenarion | 1631, 1684, 2095, 2151 -TooToTmTmoTmommm s E T T 1
RL ]
25 |
| — 48 | 48 56
Scenarios 4 TsIl-laf 1693,1696, 2109, 2112, 2161, 2164~~~ T T T~T~™~ T T T T
. RL ]
2 3 1 28 28 28
Scenarios | 1637, 1640, 1689, 6192, 2105, 2108, 2187, 2160~~~ ~ T T TTTTmTm o m oo T T
7 RL J o
2 ] ]
1 1 8 8 8
Bcenarios | 1638, 1690, 2106, 2158 " TTTooommom o mE s s T o mm T T
RL ]
28 _]
B \ 1 4 4 4
Scenarlos | 1639, 1601, 2107, 2159 cTTTTTTmm e T T T T T T T
. |
2
 — ] 63 | e3 63
____________ l_*t———l|l_*t———=i_t———=>l|l_*——l1l_=IT———1l1_2x>_"—""7|
Sremarios | 17251728, 1761, 1764, 2193, 7196, 2229, 2232
AL ]
30
— 45 | 45 45
Scenarios | 1713, 1716, 1717, 1720, 1749, 1752, 1753, 1756, 2181, 2184, 2185, 2188, 2217, 2220, 2221, 2224 |
RL o 4
31
—— | 18 | 18 18
Scenarlos | 1714, 1718, 1750, 1754, 2182, 2186, 2218, 2292~~~ " - - T T o T m T T
RL 4
32
L ) ) 9 9 9
Boonarios | 17151718, 1761, 1785, 2183, 2187, 2519, 2393~~~ T T T TS T T T T TS o - ==
R, 4
33
— — 32 | 32 32
Seenarios | 1721, 1724, 1757, 1760, 2189, 2192, 2226, 2228~ ~° ST T ST T T T
" RL 4 ]
3 N — 48 | 48 48
Scenarios | 1757, 1760, 2225, 2228  ~ ~~ T T oo moomo oo mm s o s T T T T
. |
) )] ] )| 14 14 14
Scenarios | 1741, 1744, 2209, 2212~~~ T T T TT-To oo T-oTmoom o mm oo m s T
. | ]
8 320 | 320 380
Scenarios | 1881, 1884, 1917, 1920~ cToTToTTToTTTTT T T T T T T

Table E.6: Flow and level patterns for the main tank when there is a non-linearly decreasing

level and no flow out of the tank in the ACTIVE operating mode -

Table 3
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FTO0130 FTO111 FTO110D FTO0121 FT0120 FT0100 n, | ne; no;
AL 1 ]
87 . | J 112 | 12 140
e _IFT——_—l _T—/—T 1l _x-——l_IT-——1_>—_-—Z J R p— 1>/
Scenarios 1882, 1918
o RL 1 ]
: — 56 56 ™
e _T—/— _IT—l _ I/l _I———T" 1 _*———l_*_——.1l_*>———"
Scenarios 1883, 1919 ﬁ
20 RL 1 ; ]
¥ 120 | 120 120
Scenarios | 1869, 1872, 1873, 1876, 1905, 1908, 1909, 1912~~~ ~ ~ ~ ~ ~ " "7 T T T T T o m T T T
w0 RL ] |
48 48 48
____________ L . ot N —_—— em e oem o o e = e ol o o o o - o
Scenarios 1870, 1874, 1905, 1910
RL I ]
41
1 ‘ J —— 24 24 24
Bcenarios | 1871, 1875, 1907,1911 TTTTTTeT T E T e T T T T T T
RL ]
42 — 48 48 48
Scenarios | 1641, 1644, 1693, 1696, 2109, 21i2, iel, 2164 _ _ _ _~ — T T -7 T T
RL h ]
43 | 330 | 330 330
Scenarios | 1889, 1893 T~ T"TToTooomssmem s oo mm s T T T
P RL h
4 | ‘ 132 | 132 132
e It
RL ] ]
45
k l — | 726 | 726 726
e T
RL ]
46
T\ 1 — 1 317 | 317 317
Scenarios | 1861, 1904 T T 777 TTToToTommTm o s T T T T
AL 1 ]
47
™~ — l 82 82 82
_________________________ L o o e e mm ol e e e e e —_— = = T T
Scenarios 1902 -
RL ]
48
] N 1 — J — | & |« 41
Scemarlos | 1803 T TTTTEoTommossm oo mn s T o T m T T
AL I
49
| — J l 1 229 | 229 267
Scenarios | 2037, 2040, 2073, 2076 TSt TTmmmEETmmEEE ST T
o RL | ]
5 ™ — 48 48 56
Scenarios | 2025, 2028, 2029, 2032, 2061, 2064, 2065, 2068 T T T T~ 7 T T
nL 4
51
— 317 | 317 317
Scenarlos | 2045, 2048 T T T T T oo TT oo o oS T T e T T T T T T
RL 1 < ]
52
— 82 82 82
LT N ST T T T T T T T T T T T T
RL, ]
53
— ™ 41 41 41
-St;an—ar_lo; Tzoz" """~ ~"~~-"=~"=7-7===°"==777+% CTT T T T T T T T T T T

Table E.7: Flow and level patterns for the main tank when there is a non-linearly decreasing

level and no flow out of the tank in the ACTIVE operating mode - Table 4
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LTO0110 ¥FTO0130 FT0111 FT0110 FT0121 FT0120 FTO0100 n; ne; ne;
4 RL
8 — | 161 161 161
Boamarios [Z057 2080 O " " T T T T T T T T TS oo m oo Smm——— o T
RL _
55
1\ ) 2 2 2
Scenarios | 2058 TTToTTToTEEsTmmmOTETTm TR ST T T T
RL
56
— — — [ | 1
Scenarios | 2059 -t TT T TTTT Tt mT T T e s T T
RL
57 1 1 17 17 17
Scenarios | 1985, 1088, 2021, 2024 "~ T T 77~ T T T Tt m T T T
RL ]
58
) ) 28 28 28
Senarios | 1073 L1976, 1977, 71980~ ~ T T T T~ CTT oo oTmTT o T s m T T T T T
RL
59
| — [ ] | 81 8 8
Scenarlos | ToTq, 1978  ~ ~ T T T CTrTTT T ST TTTT T T T T T
RL p
60
— — —— | ¢ | ¢ 4
Scenarics [ 1975,197¢ T T T T T T TT oo T o T T T T T T T T T T T
RL
61
! | Y [— 14 14 14
Scenarios | 1981, 1984, 2017, 2020 ST oo oo ommmmmm s T T T
Effectiveness Index I'p 0.972

Table E.8: Flow and level patterns for the main tank when there is a non-linearly decreasing

level and no flow out of the tank in the ACTIVE operating mode - Table 5
LEVEL MAIN | RECYCLE | STREAM | RECYCLE | STREAM DRAIN Fesults | Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LTO0110 FT0130 FTO111 FTO110 FTO121 FT0120 FT0100 n; | nes na;
"] | — ' | |
TT T T, g, 13,15, 1'7_20_, 31,24, 157, 160, 1_69-1'72_1F3_1'76 177,180, 209, 212, 32? 224, 225, 2_23_'2_297 232, | " "
o . 261, 264, 273, 276, 277, 280, 281, 284, 1609, 1612, 1621, 1624, 1625, 1628, 1629, 1632, 1765, 1768, 1777,
cenarios | 1vso, 1781, 1784, 1785, 1788, 1817, 1820, 1829, 1832, 1833, 1836, 1837, 1840, 1869, 1872, 1881, 1884,
1885, 1888, 1889, 1892
RL 9 J p
1 pso_\ | 24 24 24
Scenarios | 945, 948, 037,140 T T T TT oo ToTomoEoooTmmETm oo s T
RL 1 p P
2 PSO_\ | 24 24 24
Bcenarios | 993, 996, 1005, 1008~ T T T ™7 ST T TS T T s T T T T T T T T
Table E.9: Flow and level patterns for the main tank when there is a linearly
decreasing level and flow out of the tank in the ACTIVE operating mode - Table 1
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilitiea
LTo110 FT0130 FTo111 FT0110 FTo121 FT0120 FT0100 T ne; na;i
RL ] b ]
3 4 4 4
_______ E;___l_u___l_-___l_-___l____,l___J_l_____.
Scenarions 997, 1000
= =
psoy ﬁ 40 40 40
_SgetTar_ia; T -1-00_1,—1504_ __________________________________________
N RINR
Ps 2 2 2
Scenarios | 55? 960, 969, 972, 974, 976, 977, 980 T T T T T T o T oo T m T T T
= -
Ps R 28 28 28
Scenarios | 981,984, 089,603 ~ T T T T TT T o TS mS=s o Sese s oo
, R;J\ 4 l ]
{ P I | 1 ﬁ 24 24 24
Boonarios [ 985,888 T - T TTT7 CTTToTT T Tomm oo m s s T E T
= o =
P& 40 40 40
—————————————————————————————————— T T e R
Scenarios 1021, 1024
i 0
PS8 ] 1 2 2 2
Scenarios | 717, 720, G21, 824, 437, 840, 885, 886 . T T T T T T T oo T =S=—=
= |
' ] ]
ps 28 | 28 28
éc_en_aﬁo;"gag_s_'f_gcﬁ e
N =
1
P — ™ 24 24 24
Boenarios | B, feg T T T T TT T TToTooTEmmTmmomEmmm T
Effectiveness Index I 1,000

Table E.10: Flow and level patterns for the main tank when there is a linearly decreasing
level and flow out of the tank in the ACTIVE operating mode - Table 2

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LTO110 FTO0130 FTo111 FT0110 FT0121 FT0120 FT0100 ne | mes na;
“L - ] ) ' l ]
TTTTTT LG 1816, 1'7-20_ 21, 24, 157, 160, 169, 1 '72_1?3"1'.76.- 77, 180, 209, 212, 52? 224, 225, 228, 229, 232, | - - -
s los | 261, 264, 273,276, 277, 280, 281, 284, 1609, 1612, 1621, 1624, 1625, 1628, 1629, 1632, 1765, 1768, 1777,
cenario® | y7so, 1781, 1784, 1785, 1788, 1817, 1820, 1829, 1832, 1833, 1836, 1837, 1840, 1869, 1872, 1881, 1864,
1885, 1888, 1889, 1892
RL ki ]
1 l 1 164 | 164 164
___________ e . e i U U
Scenarios 945, 948, 1037, 1040
RL 1 ] ]
2 IE
I s2 | 52 52
Scenarlos | 546, 1038 -eTTTTmmEsT ST TTToTTm oo mmE s e e s m T

Table E.11: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and flow out of the tank in the ACTIVE operating mode -

Table 1
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ACTIVE Puel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FT0111 FT0110 FTO0121 FT0120 FT0100 ng ne; na;
s RL ] 1
J 1 — 26 | 26 26
Scenarios | 947,103~~~ T TTTT oo TTmm oo oo TTT o TTmm T T T
RL 1 ] p
4
| : ] ‘[ 1 164 164 164
Scenarios | 945,948, 1037, 71640 ~ ~ T~ T T T T T T T 77 -ttt TTmEmTmTTTmmm {
RL 1 ] p -
s \ ‘ 52 52 52
Scenarios | 994, 1006 T 7T TTTo Tt T m m T T T T T T T
RL 1
6 ) 26 26 26
Beenarios | 995, 1007~ T 7 ° ST T T TT T T T T T T oo P
RL J 4 i
7 20 | 20 20
Scemarios [ o7, 1000~ """ 7T TT T oot TT oo oo Sm T I m T m ST T Tt
. RL T\ ] ]
| ) ) ) AR
Scenarlos (998~~~ """ T TTTT oo TTo ST o m T o m T T ST T T "
RL ] ] r
9
' ) 4 4 4
Scenarios [909 ~ ~ ~ T T TTTTmooTTmmoms oo T T T T m T T T T T T
RL 1 ] 4
10
1 l ) 8 8 8
Scenarios | 1001, 1004 ~ T 7 ° oo TTToToTmoEmTmmm o T EE T T -t
RL A J J
11
. 10 10 10
Scenarias | 957, 960, 989, 073, 973, 976, 67r, 980 T T T T T T o T o Tm T oo T T T o
2 | ™ 1 1
™) ] ) L]
Scenarios | 958, 970, 674,918 T T T T 77 TToTToTmEmT e T T T
1 RL ]
3 } | — | 22 | 22 22
Scerarios [ 959, 971,975,919 T T T T T T T T T T oo oo m oS ==
RL J o
14 t
“r l -—l l 144 144 144
Scenarios | 981, 084,989,992 "~ T T T T T 777 Tttt Tmm T T T
RL ] ] ]
15 I
) 64 54 64
Scenarlos [ 982,800~~~ "~ T TTTT T TTTm T T o T T T T o T T =TT T
RL ] i
16
) ) 32 a3z 32
Scenarios [ 983,991 " "~ T T-TT T T TT oo T T oo oo m T =TT T T T
RL 1 p
17 ‘ )| ) 14 14 14
Scenarics [ 985, 988  ~ ~ "~ TTTT T T TT T oo T T T oo o T T T T T T T m
s RL ] p E
1 ] y ) I 4 4 4
Scenarlos 986  ~~~~~ T - TToT-o T oTmomoo T T oo oo oo T o T T
s RIL ] 3
1 )| Y \ 2 2 2
Scenarics (987 2~ T T TTTToTT T Tmo oo T T oo T m T T T T T

Table E.12: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and flow out of the tank in the ACTIVE operating mode - Table 2
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ACTIVE Puel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LTO110 FT0130 FTO111 FT0110 FT0121 FT(120 FT0100 n; ne; ng;
a RL _ ]
2 \‘ \‘ ) 8 8 8
Scenarlos | 31021,1024 T T T T T T T T T oo o T T oo T o T T ST T m =T
21 R 1 ] A ] T ]
10 10 10
Scenarios | 717, 720, B21, 824, 837, 840, 883,856 T T T T T T =77 T T
RL A . p
12 : ] ] 4 4 4
Scenarios | 718,823 838,84 T T T TToTooTmTmeom oo msm oo T m T
9 RL ]
3 ™ ] ] R 22 22 22
Scenarlos | 719, 823, 839,85 T T T T T 7° T T T T rm T il
BL i ]
24
T\ — 144 | 144 144
Scenarlos | 86§, 872, 80d,804 T T T T T TTTToo o ST oo oo T e s T T s
RL ] ]
25
\ ) } ] 64 64 64
Scenarlos [ 87,502~~~ """ TTTTTTTTmTmTmmo s mmm oA s s s m e T T T
RL 1 ] J
26
™ ) ) 32 32 32
Scenarios [ 87,803 ~ """~~~ "7 TT-=mTTTmemommom T o s s oo m T m m T T
RL 1 ] !
27 2
— T 14 14 14
Scenarios | 885,888 T T T T T T T oS T o T o oS m o T T e s T T m T
| — | = Nl R N
Scenatios [886  ~~~ T T TTToTTT-Tm oo oo o T oo m o T T ST T
RL ] ]
29
T\ 1 ) ) J J .| 2| 2 2
Scenarios [887 _ ~ " T T T T T T T T T T T T T T T T T T T T T T ]
Effectivencss Index I'p 1.000

Table E.13: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and flow out of the tank in the ACTIVE operating mode - Table 3

LEVEL

LT0110

MAIN
FLOW

FT0130

RECYCLE
Ll

FT0111

STREAM
FLOW L1

FT0110

RECYCLE
L2

FT0121

STREAM
FLOW L2

FTO0120

DRAIN Resulte
FLOW
FT0100 ng ne;

Number of
Actual
Possibilities

nag

Scenarios

RLn]\
PS

[

|

[

[

|

|

‘- — —

749, 752, 905, 908, 917, 920, 921, 924, 925, 928, 957, 960, 969, 972, 973, 976, 977, 980

524, 533, 536, 537, 540, 541, 544, 677, 680, 689, 692, 693, 696, 697, T00, 729, 732, T4l, T44, 745, 748,

Table E.14: Flow and level patterns for the main tank when there is a linearly decreasing
level and partial flow out of the tank in the ACTIVE operating mode - Table 1
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ACTIVE Puel Rig Results Results for Both Lines

LEVEL MAIN RECYCLE | STREAM RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Poasibilities
LT0110 FT0130 FT0111 FT0110 FT0121 FT0120 FT0100 N neg na;
INEE =
_____ 1) =] ____l_____l_ r—==l_t—==l_i=——=——|
Scenarlos Dependent upon patterns on Line L1,
NS N
1
Psoq 24 24 24

Scenarios 1217, 1220, 1221, 1224, 1233, 1236, 1237, 1240, 1597, 1600, 1601, 1604, 1617, 1620, 1621, 1624

2 RL{]\
P& — 42 42 42

Scenarios 1225, 1228, 1241 1244, 1605, 1608, 1625, 1628

RL

3 PS _ﬁ hl 42 42 54
RL ]

4 P ) I 24 24 24

Scenarlos 1073 1076, 1109 1112 1125 1128, 1161, 1164, 1453, 1456, 1489, 1492, 1505, 1508, 1541, 1544

AL J ]
el ] ] L L fa]=] =

1051, 1064, 1066, 1068, 1097, 1100, 1101, 1104, 1113, 1116, 1117, 1120, 1149, 1152, 1153, 1156,
1441, 1444, 1445, 1448, 1477, 1480, 1481, 1484, 1493, 1496, 1497, 1500, 1528, 1532, 1533, 1536

RL 4
s PS(J\ — — a2 | 1 42

Scenarios 1069, 1072, 1105, 1108, 1121 1124, 1157, 1160, 1449, 1452, 1485, 1488, 1501, 1504, 1637, 1540

i

Sc¢enarios

J

r RL p p
P — 3z | 32 32
Seenarios | 1081, 1084, 1133, 1136, 1461, 1464, 1513, 1556~~~ ~ T " 7~ TTTT T T T T T T
R, ]
8 ps — — 468 | 468 468
_________________________________ l_d——=l_ r———=l_*t———]
Seonarios | 10931006, 1145, 1148, 1473, 1476, 1525, 1638
RL j
9 P — 1 ) 42 42 46
Scenarios | 108 1002, 1141, 1144, 1469, 1472, 1621, 16528~ T T T T T T T T T T m T T
o RL
1
ps — — a2 | 42 42
Bcenarlos | 1177, 1180, 1213, 1316, 1557, 1560, 1593, 156 _  _ __~~ = —-—=7 T T
RL 4
11
bs — — 1 42 | 42 a2

Scenarios 1165, 1168, 1169 1172 1201 1204 1205 1208 1545, 1548, 1549, 1552, 1681, 1584, 1585, 1588

RL
12
Psrj\ | I | — 49 | 49 49

Scenarios 1173, 1176, 1209, 1212, 1553 1556 . 1689, 1592

L ]
13 Pw_]\ — — 56 | 56 56

Scenarios 1185. 1188, 1565 1568

RL

14
ps.,]\ T ) ) 819 | 819 819
RL A 4

18 3ol \ 32 | a2 32

Scenarios 1281 1284, 1297, 1300

Table E.15: Flow and level patterns for the main tank when there is a linearly decreasing
level and partial flow out of the tank in the ACTIVE operating mode - Table 2
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ACTIVE Fuel Rig Results Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of

FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0119 FT0130 FT0111 FTO11Q FT0121 FTo120 FT0100 M ne; na;

RL
17 1
Psrj\ | ) Y 56 56 56

RL J

® Ps{,]\ ) ) -[ 468 | 468 468
RL

20 PS‘J\ —"—1 — | 819 819 819

3 l ) \ 1053 | 1053 1053

RL ON
22
P 1 1 1 42 42 54

RL
* Psn]\ —) —-\1 — — 49 | a9 49

it ——m—f — =L _ 2 -l _TT—=1 . T o o
Scenarios 1365, 1368, 1401, 1404

RL ]
25 Pm]\‘\ ) L \ ‘\ y j ‘\ i 72 72 72
RL
26 _| PS[J\ S —— — 1053 | 1053 1053

RL
i Psoj\l — ﬁl ) — - 9 | 4 49

Scenarios 1385, 1388

Effectiveness Index Ip 0.977

Table E.16; Flow and level patterns for the main tank when there is a linearly decreasing
level and partial flow out of the tank in the ACTIVE operating mode - Table 3
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FT0111 FT0110 FT0121 FT0120 FTO100 T na;
RL ]\ ] ’ ] L_] I
PSO; } } T - -
TTTTTIAL Z 1316, 17, 20, 21, 2%, 53—55 85, 63, 0. 72, 73, 76, 469" 4732, 481, 434'4_35’433 489, 492, 521, |
Scenarios | 524, 533, 536, 537, 540, 541, 544, 677, 680, 689, 692, 693, 696, 697, 700, 729, 732, T41, 744, 745, 748,
749, 752, 905, 908, 917, 920, 921, 024, 925, 828, 957, 960, 969, 972, 973, 976, 977, 980
R% |
psoq . - .
-Sc:-en-ar_lo; T _De;e;d;nt_u-pon patterna on ITm_e El ___________________________
1 RL ]
 E— 160 | 160 160
Scenarios | 1217, 1220, 1221, 1924, 1233, 1236, 1237, 1240, 1597, 1600, 1601, 1604, 1617, 1621, 1624 |
. | ™
— ] ] 56 | 56 56
Soomarios | 1218 1222, 1234, 1238, 1598, 1602, 1618, 1622 T T T T T TTTTTT T T T
RL ]
8 — l — 28 | 28 28
Scenarios | 1219, 1223, 1235, 1230, 1599, 1603, 1619, 1623  _ _ ~ _ _~—~~~——--7==== == =7
RL
4 — — 204 | 294 294
Bcenarlos | 1225, 1228, 1241, 1744, 1605, 1608, 1625,1628  ~ _~—~ ~~ -~ ~-°-~-7 77T = 77T
RL
s F— — I 126 | 126 126
e . . . U U UL g L o o = = —
Scenarios | 1226, 1242, 1608, 1626 -
RL
6  E— y \ | 693 | 93 693
Scenarios | 1227, 1243, 1607, 1627 T T TS oo T T ST ST oo oo T TS }
RL
4 — — — 364 | 364 468
Sconarios | T220, 1337, 1613,1616 "~~~ - T~ "~ T T T T T T T T T
RL ]
8 — — — 98 | 98 126
Scomarios [ 12301614~ T S T T T T T oo TS oo o=t o s s s oo e
RL
o ) \ \ 1 49 49 63
_______________ ol _tT- =l _rt__—l_*rT—_——=l1l_*T_—_—=1l_F/——/=]
Scenarios 1231 1615
RL o
10
) 160 | 160 160
Beenarios | 1073, 1076, 1109, 1112, 1125, 1128, 1161, 1164, 1453, 1456, 1489, 1497, 1505, 1508, 1641, 1544 |
RL p p
11
— 56 | 56 56
Scenarlos | 1074, 1110, 1126, 1162, 1454, 1493, 1506, 1843~~~ -~ ==7 7= === 771
RL o
12
— — 28 | 28 28
Scenarios | 1075, 1111, 1127, 1163, 1455, 1461, 1507, 1543 TTTT T T T T
AL ] ]
13
— 110 | 110 110
Bcanartos | 1061, 1064, 1065, 1068, 1097, 1100, 1101, 1164, 1113, 1116, 1117, 1120, 1149, 1152, 1153, 1156, |
1441, 1444, 1445, 1448, 1477, 1480, 1451, 1484, 1493, 1496, 1497, 1500, 1529, 1532, 1533, 1536
RL ]
u — ] ] 44 | 44 44
Scenarios | 1062, 1066, 1098, 1102, 1114, 1118, 1150, 1154, 1442, 1446, 1478, 1482, 1494, 1498, 1530, 1534 |

Table E.17: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and partial flow out of the tank in the ACTIVE operating mode - Table 1
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ACTIVE Fuel Rig Results Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LTO110 FT0130 FT0111 FT(110 FTQ121 FT0120 FT0100 ng ne; na;

15 ‘“'T\ J{ L { { j j — | 82 | =2 32

Scenarios 1063, 1067, 1099, 1103, 1115, 1119, 1151, 1155, 1443 1445 1479 1483 1495, 1499, 1631, 1535

RL !
16 :
. [ 222 222 222

Scenarlos | 1069, 1072, 1105, 1108, 1121, 1124, 1157, 1160, 1449, 1452, 1485, 1488, 1501, 1504, 1537, 1510

17 " I : I -ﬂ T -j 108 108 108

Scenarios 1070, 1106, 1122, 1158, 1450, 1486, 1502, 1538

I
1
i
|
]

54 54 54

- o - —— — an I TS S VI "R . UL IR " I . A g

Scenarios 1071, 1107, 1123, 1159 1451 1487 1503_, 1539

7;;
J

] 160 | 160 160

o L - -
T L fw|] -
|

|
-

R 64 | 64 64

Scenarios | 1003, 1006, 1145, 1148, 1473, 1476, 1526, 1528

. | ™ K | _

Scenarlos 1089, 1092, 1141 1144 1469 1472, 1621, 15271

8
J
] :J NNEN

294 294 322

V
J

42 42 46

r‘:
il
i
I
l
!

RL
26 ‘:
|_» | | 294 204 294

126 126 126

l ) 693 693 693

RL 1 J
2 | I ) T} 222 222 222

Scenarlos 1545, 1548, 1649, 1562, 1581, 1584, 1545, 585, 1165, 1168. 1169, 1172, 1201 1204 1205, 1208

%0 RL:> — — _] _] 108 | 108 108

Scenarlos 1546, 1550, 1582, 1586, 1166, 1170, 1202, 1206

RL § ]
81 ] :.. — _] ﬁ 541 54 854

Scenarios | 1547, 1551, 1583 1587, 1167, 1171, 1203, 1207 ~

Table E.18: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and partial flow out of the tank in the ACTIVE operating mode - Table 2
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Poasibilities
LT0110 FT0130 FTO0111 FTO110 FT0121 FT0120 FT0100 e | e nay
o RL
3 | /= —— — 277 | 277 277
Beenarlos | 1173, 1176, 1209, 1212, 1653, 1556, 1589, 1502~~~ ~ -~ ~- === =7 7771
RL ) ]
a3 L — — 162 | 162 152
Scenarios | 717_6_12-10_ issa,1s8¢ T T TTo oo oo TEmEmoomoomEm o T o T
RL
34
) ) ™ \ 81 &1 81
Scenarios | "1'15'5,'12_11_. L Tt TTT T -7
s | FE ]
5 \ 1 206 | 296 296
_____________________ -l To-o >l _r———Tl _r————l LT/
Scenarios 1565, 1568, 1185, 1188
RL i -
36 — — | 144 | 144 144
Bcenarlos | 1568, 1186 -TTTooTEmmmommmmE o m T
RL P
s i — ] = 72 | T2 72
Scenarios | 1567, 1187 cesTTTmEmEE oo EE s T Tt T T E T
RL 3 ]
38
T\ — l | 160 | 160 160
Scenarios | 1281, 1284, 1297,1300 T T T T oo TTo oo T oo o T m T
R, 4 ]
® \ — | | | 64 | e 64
Scenarios | 1282, 1398 TS T T T TS e e s e T ]
RL 1 _ ]
40
] | — —— | 352 | 352 352
Beenarios | 1283,1209 T T-T-o oo Temmomo T T T TToT T T T
RL ]
4 —— — 206 | 296 296
Beenarios | 1285, 1288, 1301,1304 T T Tmms T -TTT T
42 R 1 1
— — l 144 | 144 144
Sconarios | Ted6 1303~~~ " " - -TToTorTmmEm s s mm e e m e m T
. RL ]
3 ) Y \ T2 T2 T2
Scenarios | T23_7.-1§ba' _____ TToerTmoTmmm oo e E e m T T
RL p
44 E
l — l ‘ J ) l \ J 504 | 504 504
Scenarlos | 1289, 1282 T T T T To T T T oo oT T T T T T T T
AL ] ]
45 IE
— | Y Y 144 | 144 144
Bcenarios | 1200 T T - ToTTTTmoo s o omm o s s m T T T T T
RL b
48 — — — — 72 | 72 72
Bcenarlos | 1201 TTToTomomEEsTmoEE s s T E T -t TTTEmTmeT
RL 4 ]
4 : Al 1 64 64 54
Beenarios | 1409, 1412, 1413, 1416, 1429, 1432, 1433, 1436~ 77 ST T T T T T T
RL 7
48 E
— Y y J l 364 | 364 468
Scemarlos | 1369, 1373, 1408, 408~~~ © Tt ErTmEmmm T TTTT T T

Table E.19: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and partial flow out of the tank in the ACTIVE operating mode - Table 3
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FTO111 FTO110 FT0121 FTO0120 F'T0100 n; | ne; nag
RL ]
49
1 1 1 98 98 126
Scenarios | Ts70 1206 0 T T T TS TTo T o T ms s T e
RI,
50
] 1 | Y 48 49 63
'sc_én_aFio;'Taﬁ—liof' ______ T T T T TS s T T e e s T
RL ]
51
&. 1 )] ) 1 294 | 294 322
Scenarios | 1357, 1360, 1361, 1364, 1393, 1396, 1397, 1400~ — 7 TTET T T T EET
5 RL
§ ! ) [ J l 1 84 84 92
Scenarloa | T35_8._13_6£ izga1dee ~ T T T T oo ThT oo omm o T e e
RL ]
53
T\ ) | l 2 l | 2 | 2 46
Heonarios | 1380, 1363, 1395, 1990 ~ T T L T T T T T m oo - —d-sos s oS- md
HL ]
54
— 1 \ 504 | 504 504
Scenarios | 1377, 1380 T T T T T7 TTTTToTo oo s m T T 1
RL ] |
55 2 1 \ 144 | 144 144
Scenarlos | 1378 T T T T T T oo T oo T T o T T e T T T T
RL ]
56 ]
\ ) 1 R 792 792 792
Scenarlos | 1379 T T T T o o TS oo Tmo oo oo T s e e e T T T T
Effectiveness Index ' 0.967

Table E.20: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and partial low out of the tank in the ACTIVE operating mode -

Table 4

LEVEL MAIN | RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LTG110 FTO0130 FTo111 FTO110 FT0121 FT0120 FT0100 e | no na;
RL - ] - i l '
T T =T T YL 1016, 17720, 51,24, 157, 160, 139.“1?2.‘1?3-1'76 177, 180, 208, 212, 221, 224, 225, 228, 229, 232, | ) }
Scemarlos | 261 26% 273, 276, 277, 280, 261, 284, 1609, 1612, 1621, 1624, 1625, 1625, 1629, 1632, 1765, 1768, 1777,
1780, 1781, 1784, 1785, 1788, 1817, 1820, 1829, 1832, 1833, 1836, 1837, 1840, 1869, 1872, 1851, 1884,
749, 752, 905, 908, 917, 920, 921, 924, 925, 928, 957, 960, 969, 872, 973, 976, 977, 980
RL FJ\ ]
1 )
pa — 96 | 96 96
Scenarios | 1_48_1_1&14_1527,_1654 ________ ST TTTT oo m T s m s m T T T
P
2
Ps — — 240 | 240 240
Boenarios | 1485, 1488, i625,1628 ~ -~ T T - - - m T oo ob o s m sl s s e

Table E.21: Flow and level patterns for the main tank when there is a linearly decreasing

level and partial flow out of the tank in the ACTIVE operating mode -

Table 1
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actuat
Possibilities
LT0110 FT0130 FT0111 FT0110 FT0121 FTO0120 FT0100 ng | neg nay
psod \ — — 192 | 192 192
Scenarios | 1489, 1472, 1613, 1616 _ ~~ T T TTTTmTmTmoommmem s oo m s T
b 5
psod — 96 96 96
Scenarios | 1529, 1533, 15411544 T T T T T 7~ - T T T T T T T T
RL b ]
& ] 4 4 4
P50q ] |
Scenarios | T5§3. 17725 T
RL
¢ | ]
psod — 8 8 8
__________________ b - — - — - L — N p—" —-—eem B e e e e e e a— —
Scenarlos | 1493, 1496, 1505, 1508, 1509, 1512, 1513, 1516
e =
psof — — | 112 | 112 112
Scenarios | 1617, 1520, 1535,71§28 " T T 777 T m s m T T T T
KL ]
8 P ) — ) 12 12 12
Scenarios | 1521,1524 - -~-oT-oomooommomomomommmem s mems T
psod — ] — ) ] 240 | 240 240
Scenarios | 1581, 1584, 1693, 1586 =~~~ - -T-T--o-osmomesm s o e o m e
10 RLJ\ ]
psol — — 125 | 125 125
Hcenarios | 1545, 1548, 1557, 1560, 1561, 1564, 1565, 1568 T T T o e T e T T
RLOI\
11
psod 4 — I i 280 | 280 280
Scenarios | 1568, 1572, 1577,1880  __~ ~ T TT T oo TTTmo oo oo T e o oo s T T
12 ™ \ ) ) )
P8O 7 7 7
Scenarios | 1573,157% " T-ToTomTmmooooEmEmos oo mm o Em s T
RL .
13 ] ] 8 3 8
PeO3 E L L
Scenarlos | 1101, 1104, 1237, 1240, 1269, 1272, 1297, 1300~~~ ~~——-=——=-====71
14 Rl’ﬁ]\ 1
pso] — — 128 | 128 125
Scenarios | 1105, 1108, 1241,71244, 1273, 1276 _~~—-—--7-=-=====7-=7=== =71
Rt 4 ]
15 \ —]
pso- — ) 16 16 16
Scenarios | 1089, 1092, 1229, 1232, 1261, 1264, 1289, 1262 ~ ~ _~~ ~ "~ TT T T o T o Em T
16 R \ ) l
psod 3 1 112 112 112
Scenarios | 1345, 1348, 1433,143¢ ~~~~ - Tooo-T-ommoommesmm o s s e e
17 RL '\
peo] — — — 280 | 280 280
Scenarlos | 1349, 1352, j487, 1440 =~~~ " T T 7T 77 T TmmTm T o T T T
8 RL@]\ \
psol —— \ Y 224 | 224 224
Scenarlos | 1335, 1427 TTTTTToTETs T e mE e e e m e e e

Table E.22: Flow and level patterns for the main tank when there is a linearly decreasing
level and partial flow out of the tank in the ACTIVE operating mode - Table 2
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FTO111 FTG110 FT0121 FT0120 FT0100 n; | ne; na;
RL
19 192 92 192
Ps ) 1, | M | 1.4 1
Scenarios | T3§3 71396, 1405, 1408~ T T T T To oo TTm oo T oo T m T T
RL ]
20 \ 12 2 12
PS04 1 )] | + 1
Scenarios | 1397,100  ~ "~~~ - -T--ToTmomomooommomom oo
RL 4
21 \ ‘ 7 - 7
Pso4 1 1 1 1
Bcenarlos | 1401, 1404  ~ T T T T T T T TTo oo ToTTm oo T oo m Tt -
RL 4 ]
72 \ ‘ ! 18 6 16
PS04 ] 1 1
Beonarios | 1957, 1360, 1369, 1372, 1373, 1376, 1377, a0~~~ — ~ T T T Tt oo - T oS s oo -
23 " ‘\
psO Y ) y \ 4 224 | 224 224
————— P e L L T T e N —a — -
Scenarios 1381, 1354, 1389, 1392
L
2 49 4 49
Psoq } 1 } ] 9
Scenarios | 1385, 1388 ST TTTT T TTmEmmEm o EE T -t
Effectiveness Index Ip 1.000

Table E.23: Flow and level patterns for the main tank when there is a linearly decreasing
level and partial flow out of the tank in the ACTIVE operating mode - Table 3

LEVEL MAIN | RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FTO111 FT0110 FT0121 FT0120 FT0100 ny | ney na;
RL - l [ I l
TTTTTT7Y, 41818, 1'7-20_ 21, 24, 157, 160, 1739’1'?2'1?3_17_6.—177 180, 209, 212, 221, 224, 225, 228, 229, 232, | - - -
s X 261, 264, 273, 276, 277, 280, 281, 284, 1609, 1612, 1621, 1624, 1625, 1628, 1629, 1632, 1765, 1768, 1777,
cenarios | 1780, 1781, 1784, 1785, 1788, 1817, 1820, 1829, 1832, 1833, 1836, 1837, 1840, 1869, 1872, 1881, 1884,
749, 752, 905, 908, 917, 920, 921, 924, 925, 928, 957, 960, 969, 972, 973, 976, 977, 980
L™ ]
— 8 8 8
Scenarios | 1481, 1484, 1621, 1624 STt TTETs oo T e T T
RL
3
— 7 T T
______________________ L_ T ———= L _T——_*L_ Tl T/
Scenarios 1485, 1488, 1625, 1628
BL
4 — ) — 121 | 121 121
Scenarios | 1469, 1472, 1613m 1618 T - T TTTTmEm oo T o mm o T T o T T
RL ]
5 — il 1 26 26 26
Scenarios | 1470, 1614 T T-TTT-T==T 7 CTTTT T T o T T m s e s T T

Table E.24: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and partial flow out of the tank in the ACTIVE operating mode - Table 1
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FTO111 FTO0110 FTO121 FT0120 FT0100 n: | g nayg
o |
J — | — — — 13 13 13
Boemarios | TaT1 1616 T - - T T T T-oo--=-=d TooTTrmmmmEEE T
RL 1
-___1l_ Jk______ - l_J I l ] l ] l J s | s 8
Scenarlos 15 1541,-m 1——
o | " 1
\ — 1 g 8 B
Scenarlos | 1537, 1580 ~ _~ _~ ST TToT-TmeooosnsTm s o Tm o T T T T
RL 4
8 N — ] ] 40 | 40 40
Scenarios | 1403, 1296, 1508, 1508, 1509, 1512, 1518, 1516~~~ TS T T T oSS o o=
o | ]
1
— ] ] 6 | 16 16
Scenarios | 1484, 1506, 1510, 1514 _ cTTToTooTmem s m s e T T T T
RL 1 o p
11 E _]
1 J l — 8 8 8
Scenmrlos | 1405, 1507, 1511,1515 T T T T T T 7T T Tm T T T T T
RL .
12 _]
T\ — — 16 16 16
Scenarios | T51"r_15_20_ Lt
13 RL
— y 7 7 7
________________ =l _*r——l_*r——=\l_*t—-——l_*———.1_‘+—/——|
Scenarios 1581 1584, 1563, 1596
HL ]
14 E ]
1 1 ] 1 J 8 8 8
Scenarlos | 1685, 1886 T T TT oo T om ST oo sss s o e s e sy
RL
. | Ll
1 — - - -
Scenarios | 1586 T T T T T T T TTTo oo sT o oo Es T m T e e T
RL 4
16
— — 18 | 118 118
Scenarios | 1545, 1548, 1557, 1560, 1561, 1564, 665, 1568 T T T T T T oo T T =T
RL 4 ]
17
— — 48 | 48 48
Scenarios | 1546, 1568, 1561,1865 T T T T T TT oo oo T oo oo T m T
1 RL
8 — ] — 24 | =24 24
Scenarios | 1547, 1569, i562,1s66 T~ o T T oo oo o T o T o T o T T T T T
19 RL 7
h — — ) 104 | 140 104
Scenarios | 1569, 1572, 1577, 1580 -TTooTTTmmm o T T T T T
o | ™1
) :5._ ) — — ) 4 4 4
Beenarios | 16573, 1576 T T T T T T oo oo s T o s oo s s oo e
RL 1 ]
21 |§
— | ‘ 46 | 40 40
Bcenarios | 1101, 1104, 1237, 1240, 1269, 1272, 1297, 1300~~~ ~~~ "= =~=°77 Tt

Table E.25: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and partial flow out of the tank in the ACTIVE operating mode - Table 2
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LTO0110 FT0130 FTO0111 FTO110 FT0121 FT0120 F10100 n; | nes na;
a2 | P ]
N { ) J ] | ] 16 16 16
Scenarios | 1102, 1238, 1270, 1298 ___~~~~ T T o T T T oo o T oo T T T T T T
RL 4
23 E
— l — 8 8 8
Scenarios | 1108, 1239, 1271, 1209 _~~~ T~ T TT-ooTmTmoom oo meE s o m T T T
AL
24
— — 118 | 118 118
Scenarios | 1105, 1108, 1241, 1244, 1273, 1276, 1301, 1804~~~ =TT T T T T =7
RL |
25
| — — I 48 | 48 48
Boenarios | 1106, 1247, 1274, 1302 TTTo T TTT e T T T o T CT T T T
RL
26 \
) ) y 24 24 24
Bcenarlos | 1107, 1243, 1275, 1303 cTToTTTTEEs T EEE A E s T T T
RL ]
27
— \ \ 112 | 112 112
Scenarios | To§9—1c792_ 1228, 173z, 1261, 1264, 1289, 1202~~~ T T°TTT 7 -t
RL 4 ] ]
® \ — I = 32 32 32
Scenarlos | 1090, 1230, i262,12%0 ~ ~~ "7 "7~ T TT T T T T e T T
RL 4 ]
29
— ) \ Y 22 22 22
Scenarios | To§1 , 1231, 1263, 1291 ToroTTTmso s T T EE AT T E e T
RL
30
™ — ™ 16 16 16
Sl L b T T
L,
31
3 Y — 104 | 104 104
Scenarlos | T319._13_52_ _____________ STTTTTo oo T T m e T T T T
RL
32 \ 1 — — 180 | 130 130
_____________________________________________ I B
Scenarios 1333, 1336, 1425, 1428 y - -
RL ]
23
— — \ \ 32 32 32
Scenarlos | 1334, 1426 T T T TToo oo T- o oo o oo oo m T T T T T T T
RL
34
— ™ ) ) ) 16 16 16
Scenarios | 1335, 1427 T TTTT-oTooEmsssmomEoEmsmT T T T T
3 RL
5 y \ 121 | 121 121
Scenarios | T3§3._15_96_ i408,1dos- T~ T T T T T oo T T T TTTmem T ST T T T
RL ]
36 1
1 1 — 26 26 26
Scenarlos T T304 1406 T "~ T T T TS T T == am S s o o= =e— o T
RL
37
) \ — — 13 13 13
Scenarios | T39_5._15-07_ """""" ToTTTmo T e T P T T T T s STTTT

Table E.26: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and partial flow out of the tank in the ACTIVE operating mode - Table 3
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ACTIVE Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FTO111 FTO110 FT0121 FT0120 FT0100 n; | me; na;
% N T\
| ] 19| ) ) L 4 4 4
Boemarios | T 1a0d T - o D T o - e =T t=S i
RL
39
— — 12 | 12 112
Scenarlos | 1357, 1360 1369, 1372, 1374, 1376, 1877, 1380~~~ ~ ~ ~ ~ T T T T T T T o oo T T T
RL i
40
\- K — — — } 32 32 32
Scenarios [ 1358, 1370, 1374, 1478 - TTroTTmom o m T T T
RL 4 ]
41 ]
\ ! b 1 — 22 22 22
Scenarios | 1359, 1371, 1875, 1378~~~ T T T o T T TS TooTmo oo oo e T e T
RL
42 ) 1 1 \ 130 130 130
Scenarios | 1381, 1384, 1388, 1392~ ToTTTmT oo T
RL 4
43 ]
1 \ ) ) 32 32 32
Scenarios | T38z, 1380 0 T T T T T T T oo oo oo oo o= ST T T
RL
44
— ) Al )| [ 16 16 16
Scenarloa | 1383,13%1 ~ T TTT-TmTooTsoosTmom s m o m T T
45 l
\ 1| ) ) ) ) 9 2 ¢
Scenarios | 1385, 1388 T T 77T oo T TmTm T m T -TT T
5 RL 1 ]
¥. 1 ) ) 1 — 2 2 2
Scenarios | 1386 TTTTToTTT oo o T s s s s e Tt
RL 1
47 )
] | 1 } T b ] 1
Scenarios | 1387 -TTTTohTmEse T cTTETTTEEE ST TEE T T TS
Effectiveness Index Ig 1.000

Table E.27: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and partial flow out of the tank in the ACTIVE operating mode - Table 4
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ACTIVE Fuel Rig Results Results for an Individual Line

E.2 Results for an Individual Line

Scenarlos LEVEL MAIN RECYCLE | STREAM DRAIN Resulta |Number of
FLOW L1 FLOW L1 FLOW Actual
Possibilities
LT0110 FT0130 FTO0111 FTOL10 FT0OL100 n; | neg na;
1, 4,5, 8
33, 36, 37, 40 | RL ] - - -
" [153, 156, 157, 160] pg, )
89, 192, 193, 196 ' ’
RL 4—
1 [165, 168, 201, 204 53 | 53 53
RL ——m™— I
2 173, 176 10 | 10 10
RL 4—
3 185, 188 | 80 | 8o 80
Effectiveness Index I'p 1.000

Table E.28: Flow and level patterns for the main tank when there is a constant
level and no flow out of the tank in the ACTIVE operating mode

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 FLOW Actual
[Possibilities
LTO110 FT0130 FT0111 FT0110 FT0100 g nci na;
1,4, 5,8

o
[

33, 38, 37, 40
153, 156, 157, 160
189, 192, 193, 196

M M -
ﬂ 3 3 3

17 17 17

]
3

h53, 156, 157, 160, R
189, 192, 193, 196

=
g

7V

2 181, 184

T
]

3 [161, 164, 197, 200 21 21 21

i
T

4 [t65, 168, 201, 204

- u
m7r.
[+
("]
w

5 173, 176

-27?;

185, 188 117 53 53

j j 8 0 16
—

-3
3 2

Effectiveness Index I'p 0.659

Table E.29: Flow and level patterns for the main tank when there is a linearly
decreasing level and no flow out of the tank in the ACTIVE operating mode
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ACTIVE Fuel Rig Results Results for an Individual Line

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 FLOW Actual
[Possibilities
LT0110 FTQ130 FTO111 FT0110 FT0100 ng ne; na;
1,4,5 8
33, 36, 37, 40 | RL ] - - -
" 153, 156, 157, 160 g I
189, 192, 193, 196 )
RL
1 165, 168, 201, 204 k 58 58 58
RL 1
2 166, 202 K ] 14 14 14
RL
3 167, 203 \ 7 - .
1
153, 156, 157, 160, RL ]
4 |189, 192, 193, 196 T\ 24 u 24
RL 1 p 4
5 154, 158, 190, 154 \ ‘I ] 6 6 8
RL § ]
6 |155, 159, 191, 195 ] 33 33 33
] }
RL
7 |161, 164, 197, 200 174 174 174
: 1 1
RL 4 h
8 162, 198 l 54 54 54
]
RL
9 163, 182 207 207 297
] 1 1
173, 17 i 1 80 8
10 , 176 ] 80 0
RL ] ]
11 174 T\ ] I 20 20 20
RL
12 175 \ 110 110 110
1
RL
13 185, 188 1258 | 1258 1258
1
RL B
14 186 ] 248 348 348
+
RL
15 187 ‘ 1914 | 1914 1914
[ ]
RL
181, 184 170 170 170
16 ) )
RL ]
17 182 T\ ] 34 34 34
| 1 1
RL
18 183 187 187 187
| 1 — 1
Effectiveness Index I 1.000

Table E.30: Flow and level patterns for the main tank when there is a non-linearly
decreasing level and no flow out of the tank in the ACTIVE operating mode
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ACTIVE Fuel Rig Results Results for an Individual Line

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN Regults Number of
FLOW L1 FLOW L1 FLOW Actual
Possibilities
LT0110 FT0130 FTO111 FT0110 FT0100 (R ne; nag
1, 4, 13, 18,
33, 36, 37, 49, RL 7 S ) )

153, 156, 165, 168,
169, 172, 173, 176

RL 1

1 85, 88, 97, 100 \ 24 24 24
P8O
RL

2 89, 92

3 M4, b2, 61, 64, 65, 68, 69, 72

717

) ] 36 36 36
I

RL A

4 73, 76, 81, 84 \ 2 2 2
P5CH
RL 4

5 77, 80 \ 28 | 28 28
PS 1 1
RL 4 ]

6 57, 60, 93, 96 \ 24 24 24
PS04

Effectiveness Index Ip 1.000

Table E.31: Flow and level patterns for the main tank when there is a linearly
decreasing level and flow out of the tank in the ACTIVE operating mode
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ACTIVE Fuel Rig Results

Results for an Individual Line

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN Results | Number of
FLOW L1 FLOW L1 FLOW Actual
[Possibilities
LTO110 FT0130 FT0111 FT0110 FTO100 1y neg ne,;
1, 4, 13, 16,
33, 36, 37,40, [ RLT— —— -
153, 156, 165, 168, B
169, 172, 173, 176

RL 4

1 | =5, 88, 97, 100 E ] 164 | 164 164
RL [ ] ;

2 86, 98 ‘ ] 52 52 52
RI, ]

3 87, 99 I 286 | 286 286

. 1

RI, 1 ]

4 89, 02 _] I \ 16 16 16
RL 4 ] ]

5 90 E ] ] ] 4 4 4
RL ] ]

6 01 ] l 22 22 22

| ]

RL ]

T 57, 60, 93, 96 ] as 38 36

+ I
49, 62, 61, 64, | RE 4 p
8 | 65,68, 69, 72 | o | 10 10

Table E.32: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and flow out of the tank in the ACTIVE operating mode - Table 1
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ACTIVE Puyel Rig Results

Results for an Individual Line

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 FLOW Actual
Possibilities
LT0110 FTO0130 FTO111 FTO110 FT0100 n: | ne; na;
RL 1 ] d 4
9 |50, 62, 66, 70 \ ] ] ] 4 4 4
RL 1 ] J
10 pt, 63, 67, 71 22 22 22
]
L? RL ]
11 [73, 76, 81, B4 144 144 144
1
RL ; p
12 74, 82 : ‘ 64 64 64
RL ]
13 75, 83 N 352 352 352
}
RL 5
77, 80 168 168 168
1 — .| =/
RL j i
15 78 T\ 48 48 48
] 1 ]
RL
16 e N 264 264 264
| 1 ) 1
Effectiveness Index I'p 1.000

Table E.33: Flow and level patterns for the main tank when there is a non-linearly
decreasing level and flow out of the tank in the ACTIVE operating mode - Table 2

Scenarlos LEVEL MAIN RECYCLE | STREAM DRAIN Results |Number of
FLOW L1 FLOW L1 FLOW Actual
Pogsibilities
LTO110 FT0130 FTO111 FTO0110 FTO100 n; | ncg na;
1,4,5, 8
33, 36, 37,40 | RL ] ] . i}
153, 156, 167, 160| g i
189, 192, 193, 196 )
L [tor, 104, 105, 108, RL ] . 4 4
137, 140, 141, 144 . —
RL
2 l109, 112, 145, 148 7 7 7
PSCH P [
RL
3 129, 132 'J\ 9 9 9
P304 1 1
RL ]
4 121, 124 ] 24 o 206
PSOH 1
RL
5 133, 136 351 0 117
P50q 1 1
RL
6 |13, 116, 149, 152 6 o 222
P50y }
Effectiveness Index Iy 0.500

Table E.34: Flow and level patterns for the main tank when there is a linearly

decreasing level and partial flow out of the tank in the ACTIVE operating mode
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ACTIVE Fuel Rig Results

Results for an Individual Line

Scenarlos LEVEL MAIN RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 FLOW Actual
[Possibilities
LTO110 FT0130 FTO111 FT0110 FT0100 ni | neg neg
1, 4,5, 8
33, 38, 37, 40 | R 1 - -
153, 156, 157, 160 p,
189, 192, 193, 196 j
RL p
101, 104, 105, 108, 32 32 32
1 |137, 140, 141, 144 —
RL
2 |102, 108, 138, 142 ] ] 8 8 8
1
RL 1 ]
3 1103, 107, 139, 143 ] ‘ a4 44 44
i [ 1
RL 1
4 (109, 112, 145, 148 | 58 58 58
| I [
RL 4
5 110, 146 ]\ l 18 18 18
+
RL 1§
8 111, 147 99 99 99
] ] 1 1
RL
129, 132 T\ 20 90 90
4 . ] ) )
RL ]
8 130 1 18 18 18
| 1 1 1
RL A
] 131 99 99 99
] — ) ) )
RL 1
10 |13, 116, 149, 152 \ 8 | o 43
1
RL y
121, 124 218 0 36
11 —

Effectiveness Index I'p

0.818

Table E.35: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and partial flow out of the tank in the ACTIVE operating mode

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 FLOW Actual
Possibilities
LT0110 FTO130 FTO111 FTO0110 FT0100 ED na;
1, 4, 13, 186,
33, 36, 37,40, |RLT—— +— - -
" | 153, 156, 165, 168) -
169, 172, 173, 176
=g
1 |137, 140, 149, 152 444 | 444 444
P T T
5 |11, 104,113, 116, RLD]\ ] a7 | a7 a7
117, 120, 121, 124 | — \

Table E.36: Flow and level patterns for the main tank when there is a linearly

decreasing level and partial flow out of the tank in the ACTIVE operating mode - Table 1
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ACTIVE Fuel Rig Results Results for an Individual Line

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 FLOW Actual
Possibilities
LTO110 FT0130 FT0111 FTO0110 FT0100 LN ne; na
RL
3 |125, 128, 133, 134 518 518 518
PSOY
RL 1 ]
. 141, 144 \ ] 122 | 132 132
PSOo 1
RL
5 145, 148 125 125 125
PsOq I 1
RL 1
6 129, 132 \ 16 16 16
PSOS 1 1 1
Effectiveness Index I'g 1.000

Table E.37: Flow and level patterns for the main tank when there is a linearly
decreasing level and partial flow out of the tank in the ACTIVE operating mode - Table 2

Scenarlos LEVEL MAIN RECYCLE | STREAM DRAIN Results | Number of
FLOW L1 FLOW L1 FLOW Actual
[Posaibilities
LT0110 FT0130 FTO111 FT0110 FT0100 i | ne nag
1, 4, 13, 16,
33,36,37,40, |RLT— | SR R R
153, 156, 165, 168, )
169, 172, 173, 176
RL 4
1 [137, 140, 149, 152 158 { 158 158
| ]
RL A p
2 138, 150 \ _] 26 | 26 26
1
RL
3 139, 151 13 13 13
| )
101, 104, 113, 116 | RL ] 4
4 |117, 120, 121, 124 \ — 181 | 191 191
RL o -
5 |102, 114, 118, 122 —‘ ] 82 | 82 82
[
RL 1 ]
6 |103, 118, 119, 123 ] 51 51 51
. R 1
R, 4
7 [128, 128, 139, 136 \ 236 | 238 236
1 —
RL 1 ]
8 126, 134 '] a2 32 32
| (— 1
RL 1
9 127, 135 16 16 16
] — 1 —
RL ]
141, 144 64 64 64
10 T\ —

Table E.38: Flow and level patterns for the main tank when there is a non-linearly
decreasing level and partial flow out of the tank in the ACTIVE operating mode - Table 1
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ACTIVE Fuel Rig Results Results for an Individual Line

Scenarioss LEVEL MAIN RECYCLE | STREAM DRAIN Resulis Number of
FLOW L1 FLOW L1 FLOW Actual
[Possibilities
LT0110 FT0130 FT0111 FT0110 FTO0100 n; neg na;
RL p E
11 142 18 16 16
*
RL -
12 143 | 8 8 8
] [
RL 1
13 | 145, 148 178 178 178
. — —
RL ]
14 146 | 48 48 48
| — L
RL 1
15 147 24 24 24
. 1 1 )
RL
129, 132 160 160 160
16 | — — ——
RL ]
17 130 32 3z a2
I — — \
RL
18 131 1 26 26 26
| — — — I
Effectiveness Index I 1.000

Table E.39: Flow and level patterns for the main tank when there is a non-linearly
decreasing level and partial flow out of the tank in the ACTIVE operating mode - Table 2
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Appendix F

DORMANT Fuel Rig Results

F.1 Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FT0111 FT0110 FTO121 FT0120 FT0100 ne | meg na;
| | | l | |
TTTTTT, 4, 18,16, 87 _4& 49,52, 157, 130._169,-172—19_3-1975,-203.305 368, 273, 181, 484, 505, 508, 517, | - - -
Scenarios | 520 525 628, 637, 640, 661, 664, 673, 676, 1609, 1612, 1621, 1624, 1645, 1648, 1657, 1660, 1765, 1768,
1777, 1780, 1801, 1804, 1813, 1816, 2077, 2080, 2089, 2092, 2113, 2118, 2125, 2128, 2233, 2236, 2245,
2248, 2269, 2272, 2281, 2284
.| O]\ ] b
pso] i 2 z 2
Scenarlos | 681, 684, 717, 720, 801, 804, 821, 824, 909, 912, 945, 048, 1029, 1032, 1037, 1040 T
e[ =
PS04 2 2 2
Scenarios | 729, 732, 741, 744, 765, 768, TT7, TR0, D57, 960, 969, 972, 993, 996, 1005, 1008 ]
: m Al
psod 2 2 2
Scenarios | 745, 748, 749, 752, 973, 976, 977, 980 - B B
Rbr]\ ] - -
: — | -
psod 2 2 2
Scenarios | 829, 832, 837, 840, 845, 848, 853, 856 - B B
Effectiveness Index I'p 1.000

Table F.1: Flow and level patterns for the main tank when there is a linearly
decreasing level and flow out of the tank in the DORMANT operating mode
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DORMANT Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LTO110 FT0130 FT0111 FT0110 FT0121 FT0120 FT0100 ni | mes na;
'''''' T, 7, T316, 37,40, 49,53, 157, 160, 159, 172, 193, 196, _20'5,_203 363, 177, T81, 484, 505, 508, 517, | - - -
Scenarios | 52% 625, 628, 637, 640, 661, 664, 673, 676, 1609, 1612, 1621, 1624, 1645, 1648, 1657, 1660, 1765, 1768,
1777, 1780, 1801, 1804, 1813, 1816, 2077, 2080, 2089, 2092, 2113, 2116, 2125, 2128, 2233, 2236, 2245,
2248, 2269, 2272, 2281, 2284
RL _ P
1
16 | 18 16
Scenarlos | 681, 684, 717, 720, 801, 804, 821, 824, 909, 912, 045, 048, 1029, 1032, 1037, 1030~~~ 7]
2 RL J 4 ]
J 4 4 4
Bcenarlos | 832, 840, 848,856 T~ T-T- - TTTT-omoom o oo s oo
RL ] 1
3
1 — 2 z 2
Scenarios | 831, 839, 847,85 .~ T T T TTSETo oo smEms o T o T T
RL ] ]
1 16| 16 16
Boonarlos | 729, 733, 7A1. 744, T65. 768, 777, 780, 957, 560, 963, 573, 503, 996, 1008, Toos~ ~ ~ ~ ~ — ~ ~
RL b ] ]
5 I 4 4 4
Scemarios | 746,780,975 978 T T T~ - - - T - - T Tlm-mo-slemm s mslm =T me
RL ] ]
6
l — 2 2 2
Scenarios | 747, 751, 76,979 T T TTTmTTmomoom o s T oo TTTT T
Effectiveness Index I 1.000

Table F.2: Flow and level patterns for the main tank when there is a non-linearly

decreasing level and flow out of the tank in the DORMANT operating mode

LEVEL MAIN | RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FT0111 FTO110 FT0121 FT0120 FT0100 | nes na;
T T T =T 1% 13,16, 37,40, 45, 53, 187, 160, 169, 172, 103, 195, 208, 208, 169, 477, 431, 484, 505, 508, 517, | - - -
Scomarl 520, 625, 628, 637, 640, 661, 664, 673, 676, 1609, 1612, 1621, 1624, 1645, 1648, 1657, 1660, 1765, 1768,
cenarios | y777, 1780, 1801, 1804, 1813, 1816, 2077, 2080, 2089, 2092, 2113, 2116, 2125, 2128, 2233, 2236, 2245,
2248, 2269, 2272, 2281, 2284
1 RL J
bs — 8 8 8
Scenarios | 1065, 1068, 1101, 1104, 1221, 1224, 1237, 1240, 1448, 1448, 1481, 1484, 1601, 1604, 1621, 1624 |
2 RL
bs — — 1| 1 11
Scenarion | 1069, 71672, 1105, 1225, 1228, 1241, 1244, 1449, 1452, 1485, 1488, 1605, 1608, 1625, 1628 |
RL
3 bs — — — 12 | 12 12
Scenarlos 1‘0@.'10792_1225 TeF2146e, 1471, T6Ts, 1606  ~ " " T T TTTTo- T

Table F.3: Flow and level patterns for the main tank when there is a linearly decreasing
level and flow out of the tank in the DORMANT operating mode -

Table 1
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DORMANT Fuel Rig Results

Results for Both Lines

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LTO110 FT0130 FTO111 FT0110 FT0121 FT0120 FT0100 n: | neg na;
RL P
4 — l 8 8 8
PSi 3
Bcenarlos | 1113, 1116, 1125, 1128, 1149, 1152, 1161, 1164, 1493, 1496, 1505, 1508, 1529, 1532, 1541, 1544
I
psol — i — nl| n 11
Scenarlos | 1165, 1168, 1177, 1180, 1201, 1204, 1213, 1216, 1545, 1548, 1557, 1560, 1581, 1584, 1593, 1596
Jiss =
psod 1 S — i 1 1
Scenarlos | 1261, 1264, 1289, 1292 T~ 77 TTTTTmrEmmmm T TTTT T
! RLn]\ 1
PSOq | ) ] 12 | 12 12
Scenarios | 1357, 1360, 1369, 1372, 1393, 1396, 1405, 1408~~~ ~ T - T T T T oo T
® RLJ\ -
PSO — — — 1 1 1
Scenarios | 1373, 1376, 1377,1380 _____~~ T TT-oTT T oS- o oo T e T m T o 1
Effectiveness Index fg 1.000

Table F.4: Flow and level patterns for the main tank when there is a linearly decreasing

level and flow out of the tank in the DORMANT operating mode - Table 2

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT0110 FT0130 FTO111 FTO110 FT0121 FTO0120 FT0100 n; | ne; ne;
----- [ 1, 1, 13,186, 37 _40_ 9,52, 157, 160, 169, 172, 193, 196, 205, 308, 469, 477, 281, 484, 505, 508, 517, | - - -
Scenarlog | 52% 625, 628, 637, 640, 661, 664, 673, 676, 1609, 1612, 1621, 1624, 1645, 1648, 1657, 1660, 1765, 1768,
® | 1777, 1780, 1801, 1804, 1813, 1816, 2077, 2080, 2089, 2092, 2113, 2116, 2125, 2128, 2233, 2236, 2245,
2248, 2269, 2272, 2281, 2284
RL
! — — 2 2 2
Scenarlos | 1069 , 1072, 1105, 1225, 1228, 1241, 1244, 1449, 1452, 1485, 1488, 1605, 1608, 1625, 1628 |
. | ™
— — ) o | o ®
Scenarlos | 1089, 1092, 1220, 1232, 1469, 1471, 1613, 1616  _ _ _ _~~~— - - - "7 T T T =TT
RL P
3 - — — I 2 2 2
Scenarios | 1000, 1230, 1470, 1614~~~ TTT-o-oo-omommEmss s s e s e T
4 RL
) _ﬁ | ) 1 1 1
Scenarios | 1091, 1231, 1471,1615  ___ _~ ~TT-TTToooomemsmmommem o T
RL
s — — 2 2 2
Scenarios | 1165, 1168, 1177, 1180, 1201, 1204, 1213, 1216, 1545, 1548, 1557, 1560, 1581, 1584, 1593, 1506 |

Table F.5; Flow and level patterns for the main tank when there is a non-linearly decreasing
level and flow out of the tank in the DORMANT operating mode -

Table 1
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DORMANT Fuel Rig Results

Results for an Individual Line

LEVEL MAIN RECYCLE | STREAM | RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 L2 FLOW L2 FLOW Actual
Possibilities
LT3110 FT0130 FT0111 FTO110 FT0121 FT0120 FT0100 "y neg neg
6 RL
.| /™ — o o °
Scenarios | 1357, 1360, 136, 1572, 1393, 1306, 1405, 1408~~~ """ T T T T T T T T '|
7 RL ]
— — — 2| 2 2
Bcenarlos | 1358, 1370, 1394, 1406 T T T ™" TTrT T mEmTmmm T
# N T\ 1
| 1 1 1
Scenarlos | 1359, 1371,139§, 14056 ~~~~~~ - T-- T TTmommTmommTmmT Tt
Effectiveness Index I'p 1,000

Table F.6: Flow and level patterns for the main tank when there is a non-linearly decreasing
level and flow out of the tank in the DORMANT operating mode - Table 2

F.2 Results for an Individual Line

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 FLOW Actual
[Posaibilities
LTO0110 FT0130 FT0111 FT0110 FTo100 g ne;g ne;
1, 4, 13, 16
33, 36, 46,48 | BT
153, 156, 165, 168 B N N
189, 192, 201, 204
RL 4 ]
Hoamesonion || > T )
, 88, 97, psod
RL 4 4 i
2 | &3, 56, 89, 92 \ ﬂ ﬁ 2 | 2 2
PsOo
RE _ J
3 | 65,068,609, 72 ™~ ] ] 2 | 2 2
PS04
Effectiveness Index /' 1.000

Table F.7: Flow and level patterns for the main tank when there is a linearly decreasing
level and flow out of the tank in the DORMANT operating mode
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DORMANT Fuyel Rig Results Results for an Individual Line

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN Results Nutmber of
FLOW L1 FLOW L1 FLOW Actual
[Possibilities
LT0110 FT0130 FT0111 FT0110 FT0100 n; neg ne;
1, 4, 13, 16
| s3.86,45,48 |BLTT
153, 156, 165, 168 - -
189, 192, 201, 204
49, 52, 61, 64, | RL
11 &5, ss, 97, 100 16 | 18 16
ne 4 ] ]
2 | 50, 62, 86, 08 \ ] ] 4| 4 4
AL 4
a | s1, 63, 87, 99 E ] 2 2 2
] |
RL 1 ] J
o | 5356 89, 92 \ ] | 16 | 18 18
L 4 ] ] ]
5 54, 90 E ] "] ] 4 4 4
RL 4
6 55, 91 E _] B ] 2 2 2
] |

Effectiveness Index I'p 1.000

Table F.8: Flow and level patterns for the main tank when there is a non-linearly decreasing
level and flow out of the tank in the DORMANT operating mode

Scenarios LEVEL MAIN RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 FLOW Actual
[Possibilities
LTO116 FT0130 FTO111 FT0110 FT0100 n; | ne; na;
1, 4, 13, 16
33, 36, 45, 48 | BL ]
153, 156, 165, 168 i
189, 192, 201, 204
RL
b3 a0, e 193] | i
s s 149, 152| | —
RL h
2 105, 108, 141, 144 \ ] 8 8 8
Pscy ]
RL
3 |r09, 112, 145, 148 \ 11 11 11
PS03 1
RL A
4 129, 132 \ 16 | 16 16
PsO] 1 ™ 1
Effectiveness Index I'p 1.000

Table F.9: Flow and level patterns for the main tank when there is a linearly decreasing
level and flow out of the tank in the DORMANT operating mode
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DORMANT Fuel Rig Results Results for an Individual Line

Scenarlios LEVEL MAIN RECYCLE | STREAM DRAIN Results Number of
FLOW L1 FLOW L1 FLOW Actual
Possibilities
LT0110 FT(0130 FT0111 FTO110 FT0100 g ne; nag
1, 4,13, 16

33,36, 45,48 | RV T/ —
153, 156, 165, 168
189, 192, 201, 204

RL
, Jot, 104, 133, 116 1| 1 11
1a7, 140, 149, 152 —
RL 4 ]
2 |10z, 114, 138, 150 k ] 2 | 2 2
1
s 103, 115, 139, 151| " 1
103, 115, 139, 1 1
I 1
RL ]
105, 108, 141, 144 64 | 64 64
1 —
RL 1 .
5 1109, 112, 145, 148 2 | 2 2
| )
RL
129, 132 \ 9 | s 9
6 1 1
RL 7 A
7 130 ‘] z | 2 2
J 1 [ 1
RL 7
8 131 1] 1 1
J ) A A
Effectiveness Index I'p 1.000

Table F.10: Flow and level patterns for the main tank when there is a non-linearly
decreasing level and flow out of the tank in the DORMANT operating mode
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